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ABSTRACT
This work was a study of Lewis acid-hase interactions 
in a series of complexes formed by the reaction of a series 
of Group IIIA metal alkyls with some simple amine N-oxides. 
The Group IIIA metal alkyls used in this work were 
trimethylaluminum, triethylaluminum, tripropylaluminum,
tributylaluminum, triisobutylaluminum, trimethylgallium, 
triethylgallium, tripropylgallium, tributylgallium,
triisobutylgallium, trimethyl indium, triethylindium,
tripropylindium, tributylindium, and triisobutylindium. The 
amine N-oxides used were pyridine-N-oxide,
2-picoline-N-oxide, 3-picoline-N-oxide, and
4-picoline-N-oxide.
Elemental analysis, mass spectrometry, infrared 
spectroscopy, visible-ultraviolet spectroscopy, nuclear 
magnetic resonance spectroscopy, and cryoscopic molecular 
weight determinations were used to study these complexes. 
Nuclear magnetic resonance was the most useful method for 
determining the strength of the acid-base interactions.
It was found that both steric effects and inductive 
electronic effects influenced the strength of the acid-base 
interaction. For the metal alkyls, steric effects were most 
likely to influence the strength of the interaction when
X V I
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large alkyl groups were attached to a small metal atom. For 
the amine N-oxides, steric effects were most likely when
2-picoline-N-oxide was used in complex formation. The 
chemical shifts of the amine N-oxide hydrogen atoms were 
plotted versus the covalent radius of the central metal atom 
and versus the atomic number of the central metal atom and 
the correlation was discussed. The chemical shifts of the 
alkyl group hydrogens were plotted versus the pK^ values of 
the amine N-oxide conjugate acids and the correlations were 
discussed.
xvii
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CHAPTER I 
INTRODUCTION
There has been a great deal of work done during recent 
years in the field of transition metal organometallic 
chemistry, but the area of main group organometallic 
chemistry has not been pursued as vigorously. Further, most 
of the work in this area deals with structure determinations 
or the use of main group organometallic reagents in organic 
synthesis. This has also been the case with Group IIIA 
metal alkyls, especially the aluminum and boron alkyls. 
There are a large number of papers published each year on 
organoaluminum chemistry, many of them dealing with 
catalysis of olefin polymerization or the use of an 
organoaluminum reagent to produce organic molecules. The 
chemistries of boron and of thallium are significantly 
different from that of aluminum, gallium, and indium, and
will not be discussed in this work. There has been little
work done recently on donor-acceptor complexes of Group IIIA 
metal alkyls. An investigation was undertaken to determine 
the importance of steric and electronic effects in the 
formation of adducts involving Group IIIA metal alkyls and a 
series of simple aromatic amine N-oxides.
The first synthesis of aluminum alkyls was reported in
1865 by Buckton and Odling.^ For almost 100 years these
compounds remained laboratory curiosities because of their 
extremely reactive nature. Eisch has advised experimenters
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to regard a glass vessel containing Group IIIA metal alkyls
2as a napalm grenade if it has frozen joints. Little work 
was done with these compounds until techniques for handling 
air and water sensitive compounds had improved. The
development of industrial processes using aluminum alkyls
also encouraged further research in this field.
There are several methods which may be employed to
produce Group IIIA metal a l k y l s . M o s t  of these
techniques are too expensive to be practical for large scale
production of metal alkyls, but are suitable for laboratory
preparation of small quantities. Among these methods is the
reaction of a metal with an organomercury compound in a
sealed reaction tube at elevated temperature:
2M + SRgHg -------- >  2RgM + H g .
Aluminum alkyls may also be formed by reacting aluminum
metal . with an alkyl halide to form a sesquichloride
compound, then reacting this with metallic sodium to form
aluminum alkyl, metallic aluminum, and sodium halide:
2A1 + 3RX -------->  RgAlgXg
RgAlgXg + 3Na -------->  R 3 AI + A1 + 3NaX.
Gallium and indium alkyls may be prepared from ethereal
solutions of the metal halide and a Grignard reagent. In
some cases it may be difficult to remove all the ether from
the metal alkyl-ether complex formed:
R-0
MCI 3 + 3RMgX ------------------- + 3MgClX.
These alkyls may also be formed by the reaction of a metal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
chloride with a lithium alkyl:
MClg + 3RLi ------- ^  R3M + 3LiCl.
Gallium alkyls may also be formed by reacting a gallium
halide with a zinc alkyl in hydrocarbon solution:
2 0 3 X 3  +  d R g Z n  ----------- >  2 R 3 G a  +  S Z n X g .
Gallium and indium alkyls may be formed by the reaction of a
metal chloride or bromide with an aluminum alkyl:
MX3 + 3R3AI ------- >  R3M + SRgAlX.
Aluminum alkyls are now made commercially by the direct
synthesis technique developed by Zeigler and Gellert in the
late 1940's. In this process aluminum alkyls are formed
from aluminum metal, hydrogen, and olefin at elevated
temperature and pressure:
2A1 + 3 H 2 + 6RCH=CH2  >  2{RCH2CH2)3A1.
This process made it possible to produce aluminum alkyls on
a large scale at a moderate price.
In the 1950's catalysts containing aluminum alkyls were
developed which made it possible to produce polyethylene
7easily and economically. The development of these
Zeigler-Natta catalysts increased the interest in the 
chemistry of organoaluminum compounds. With aluminum alkyls 
readily available and proven to be of value in industrial 
processes, the amount of work done in the field of 
organoaluminum chemistry increased rapidly. Today aluminum 
alkyls are widely used in industry. The uses can be divided 
into catalytic applications and stoichiometric uses. 
Catalysts containing aluminum alkyls are used to produce
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
high density polyethylene, polypropylene, polyisoprene 
rubber, polybutadiene rubber, polyepichlorohydrin rubber, 
and poly(butene-l) thermoplastic, and many other polymers. 
Aluminum alkyls are used stoichiometrically for the 
production of alpha olefins, linear primary alcohols, 
surfactants, and in organic reduction processes. Aluminum 
alkyls are becoming more important in the production of
g
hormones and other pharmaceuticals. Annual reviews of the 
organometallic chemistry of the Group IIIA metals appear in
9the Journal of Organometallic Chemistry.
The source of the reactivity of the metal alkyls is the
empty valence orbital on the metal atom. The metal alkyls
are Lewis acids and readily accept electrons at the metal 
center to fill the empty orbital. The hard and soft 
acid-base concept is a way to compare the electron acceptor 
ability of acids and the electron donating ability of bases. 
As a general rule, hard acids and bases contain a small atom 
with a high charge density. Soft acids and bases generally 
contain larger atoms with a lower charge density, and are 
more polarizable. Trimethylaluminum is a hard acid, but
trimethylgallium, containing a larger atom with a lower
charge density, is classified as a soft acid. The
substituent on a metal atom can affect the hardness of the 
acid. The trivalent gallium ion is a hard acid. Gallium 
hydride is intermediate in hardness, while trimethygallium 
is a soft acid.^^ When the relative hardness of the metal 
center is considered, one would expect aluminum compounds to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
be better electron acceptors than gallium compounds, which 
are better electron acceptors than indium compounds. Metal 
alkyls containing small alkyl groups would be expected to be 
better acceptors than metal alkyls containing large alkyl 
groups.
Amine N-oxides are compounds which can be divided into 
two major groups. The aliphatic amine N-oxides are 
relatively unstable compounds. They are formed by reacting 
an amine with an oxidizing agent, often a peroxyacid. The 
aliphatic amine N-oxides become increasingly less stable 
with an increase in the size of the substituent. The 
aromatic amine N-oxides are more stable than the aliphatic 
amine N-oxides. They are formed by reacting an aromatic 
amine with a peroxyacid, or by treating an aromatic amine 
with hydrogen peroxide in refluxing acetic acid to form the
amine N-oxide hydrate, then drying in vacuum to form the
anhydrous amine N-oxide. The amine N-oxides are weaker
bases than the amines from which they are derived.
The amine N-oxides used in this investigation were the 
simplest aromatic amine N-oxides, pyridine-N-oxide and 2-,
3-, and 4-methylpyridine-N-oxides, also known as 2-, 3-, and
4—picoline—N-oxide. The first heterocyclic N —oxides were
12prepared by Weselsky in 1870, but many of the compounds 
prepared before the 1 9 2 0 's were not realized to be N-oxides. 
Pyridine-N-oxide was first reported by Meisenheimer in 
1926.^^ By the end of the 1930's, a great deal of work had
been done on N-oxide chemistry and many of the earlier
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
compounds were recognized as being N - o x i d e s . T h e  N-oxides 
have some catalytic uses in organic polymerization reactions 
and condensation reactions, but are most generally used in 
the synthesis of substituted heteroaromatic compounds.
Pyridine-N-oxide and the picoline-N-oxides were
selected for an investigation to determine if there is the
same type of competition between electronic and steric
effects in donor-acceptor complexes as exists in pyridine
and picoline complexes. Pyridine and 2-picoline and
4-picoline have been used as an example of competition
between steric and electronic effects in donor-acceptor
14complex formation in a recent inorganic chemistry text.
In an investigation using trimethylboron as the acceptor, it 
was found that 4-picoline formed the most stable complex, 
with the pyridine complex being almost as stable and the 
2-picoline complex much less stable. The AH of dissociation 
values reported were 18, 17, and 10 kcal/mole.
A paper by Brown and Barbaras reported A H  of 
dissociation values for pyridine 3-picoline, and 4-picoline 
complexes with trimethylboron of 17.0, 17.8, and 19.4
kcal/mole. The experimental method used to determine the 
dissociation data was not suitable for use with the
2 -picoline complex due to its greater degree of 
dissociation; however, an estimate was made that the AH of 
dissociation was less than 13 kcal/mole, and probably closer 
to 10 kcal/mole. There were also problems with determining 
the value for the 4-picoline adduct, and an estimate for the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
probable error in the experimental value was 0.5 to 1.0 
k c a l / m o l e . T h e  general trend is the same, with 4-picoline 
and pyridine adducts being more stable than the 2 -picoline 
ad d u c t .
Brown later published an extensive paper on the 
chemical effects of steric factors in which a large number
of amine bases were reacted with various boron acids. Many
of the values reported were determined by measuring
equilibrium vapor pressures in a vapor pressure tensioraeter 
to determine heats of dissociation as determined above, but 
there were also some data of heats of reaction for 
substituted pyridine bases and boron acids in solution which 
were determined calorimetrically. The heats of reaction, 
- A h  (kcal/mole), for pyridine and 2-, 3-, and 4-picoline 
determined in this manner were 15.3, 9.95, 15.6, and 15.9, 
respectively when trimethyl boron was the reference acid. 
When either diborane or boron trifluoride was substituted as 
the reference acid, the values of the heats of reaction were 
in the same order, but the range of values was not nearly as 
wide. In the reaction with diborane the extreme values were 
17.2 for 2-picoline and 18.5 for 4-picoline, and with boron 
trifluoride the values for the same ligands were 23.3 and 
25.5. As the size of the substituent increases, there is a
dramatic decrease in the stability of the 2 -picoline
, , . 1 6  add u c t .
The substituent on the pyridine ring was also varied to 
determine what effect this would have on complex formation.
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2 -ethyl-, 2 -isopropyl- and 2 -tertiary-butylpyridines were 
reacted with diborane, boron trifluoride, and trimethylboron 
in solution and the heat of reaction determined
calorimetrically. In all three series the heat of reaction
decreased as the size of the substituent increased. For
example, when boron trifluoride was used as the reference 
acid, heats of reaction for the 1 -methyl-, 2 -ethyl-,
2-isopropyl-, and 2-tertiarybutylpyridines were 23.3, 22.7, 
21.7, and 14.8 kcal/mole. When 3- and 4-ethyl-, isopropyl-, 
and tertiarybutylpyridines were reacted with boron 
trifluoride there were no significant differences in the 
heats of reaction compared to the corresponding picoline. 
When the heat of reaction is plotted versus the pK value of 
the base, for a given boron reference acid the values for 
pyridine and the 3-alkyl and 4-alkyl derivatives lie on a 
straight line, with the 2 -alkyl derivatives a significant 
distance from the line. As the size of the substituent on 
the boron atom increases, the deviation of the values for 
the 2 -alkylpyridines from the line increases
If the possibility of steric effects is ignored, 
predictions of the strength of interactions between the 
donor and the acceptor can be made by use of inductive 
electronic effects. Substituting nitrogen for carbon in an 
aromatic ring decreases the reactivity of all positions on 
the ring.^^ This is due to the more electronegative 
nitrogen atom attracting electron density from the rest of 
the aromatic system. As would be expected, the carbon atoms
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ortho to the nitrogen atom donate the most electron density.
The para position is also deactivated, although not to as
great an extent, and the meta position is the least
affected. NMR spectroscopy gives very clear evidence of the
changes in electron density at the various positions, which
affects the degree of shielding of the protons, and thus
affects the chemical shifts of the protons. The benzene NMR
spectrum consists of a singlet at 7.24 ppm, while the NMR
spectrum of pyridine consists of three three line patterns
(with additional 1, 3 couplings) centered at 8.50, 7.46, and
187.06 ppm ( 6  values, reference to TMS). The integral ratio 
of the peaks is 2 :1 :2 , and the peaks have been assigned to 
the ortho, para, and meta protons. This shows a decrease in 
electron density at the ortho and para positions and a 
slight increase at the meta position compared to benzene.
Substituting a methyl group onto an aromatic ring will 
activate all positions on the ring, but the positions ortho 
and para to the methyl group will be more activated than 
those in the meta position. Addition of a methyl group to 
any position of the pyridine ring should increase the donor 
strength of the nitrogen atom by attracting some of the 
electron density added to the system to the nitrogen.
Because a methyl group will donate more electron density to 
positions ortho and para to itself than to the meta 
positions, 2- and 4-picoline should be stronger donors than
3 -picoline, which in turn should be a stronger donor than 
pyridine. The change in electron density at the nitrogen
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
atom should be reflected in the pK^ values of the bases,
with a compound having more electron density at the nitrogen
atom being the stronger base. Brown and Barbaras determined
pK^ values for the conjugate acids of pyridine and the
picolines. The pK^ values were 5.17, 5.97, 5.68, and 6.02
19for pyridine and 2-, 3-, and 4-picoline, respectively.
This indicates that the order of donor strength when only 
inductive electronic effects are considered should be 2 - and 
4-picoline approximately equal in strength and the best 
donors, 3-picoline somewhat weaker in donor strength, and 
pyridine the weakest donor. They then reacted the bases 
with methylsulphonic acid in nitrobenzene solution and 
measured the heats of reaction. The steric requirements for 
the proton are very small, and the trend in heats of 
reaction measured was that which would be predicted by 
considering only inductive electronic effects.
Brown's work showed that when the steric requirements 
of the acceptor are small, the inductive electronic effects 
of the substituents are the most important factor for 
determining donor strength for substituted pyridines. When 
the steric requirements of the donor or the acceptor are 
increased, steric effects play a more important role in 
determining the strength of a donor. In the extreme case of 
2,6 -dimethylpyridine, which has a pK^ value of 7.25 and 
should be a stronger donor than any of the 
monomethylpyridine derivatives, the steric requirements of 
trimethylboron and the base prevented formation of a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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complex.
An investigation was undertaken to determine the 
relative importance of steric and inductive electronic 
effects in the formation of complexes produced by the 
reaction of a Group IIIA metal alkyl and an aromatic amine 
oxide. Pyridine-N-oxide and 2-, 3-, and 4-picoline-N-oxides 
are the simplest aromatic amine N-oxides, so they were 
chosen for this study. Trimethylaluminum, triethylaluminum, 
tripropylaluminum, tributylaluminum, and triisobutylaluminum 
are readily available commercially and were used in this 
study. The analogous gallium and indium alkyls were 
synthesized for use in this study. By varying the base used 
and the substituent on the metal atom, it should be possible 
to determine if steric or electronic effects are most 
important in determining the strength of the donor-acceptor 
interaction.
The basic electronic structures of pyridine and the
picolines and the N-oxide analogues are very similar. In
2pyridine, the nitrogen atom is sp hybridized, with an
2electron lone pair in an sp orbital projecting outward in 
the plan of the aromatic ring and an electron pair in a p
type orbital contributing to the electron system of the
ring. The picolines have the same basic structure, with a
methyl group substituted for one of the hydrogens of the
ring. When the Lewis electron dot structure of one of the 
N-oxides is drawn, the lone pair of the nitrogen is shared 
between the nitrogen and oxygen atoms, filling the octet for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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all atoms in the molecule. In aliphatic amine N-oxides the
only bond between nitrogen and oxygen is this single sigma
bond. In aromatic amine N-oxides the oxygen can be
hybridized and oriented so that an electron pair in a p
orbital can overlap with the p orbital on the nitrogen atom
which is involved in the H electron system. There is
evidence which suggests that this actually occurs. The
first evidence that there was back donation from oxygen to
nitrogen came from dipole moment measurements of
20pyridine-N-oxide conducted by Linton in 1940. His
measurements were significantly lower than would have been
expected if there were only a single sigma nitrogen to
oxygen bond. There is also evidence of significant
shortening of the nitrogen-oxygen bond distance from
electron diffraction experiments. The sum of the single
bond covalent radii of oxygen and nitrogen is 148 pm. The
21measured distance in pyridine-N-oxide is 129.0 + pm.
The single bond distance in nitrous acid is 146 pm, and
nitrogen-oxygen double bond distances usually are between
2 2118 to 122 pm. There is also evidence from NMR
spectroscopy that donation of electron density from oxygen 
to nitrogen is taking place. If there were only a single 
bond between the oxygen and nitrogen atoms, the 
electronegative oxygen atom would draw electron density from 
the ring and deshield the ortho and para hydrogens even 
more. When the proton NMR chemical shifts of the amines and 
the amine N-oxides are compared in table I, it is seen that
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in every case the ortho and para hydrogens are more shielded 
in the N-oxides than in the amines. This is the result one 
would expect with a substituent with a low 
electronegativity. An interaction between an electron lone 
pair in an oxygen p orbital and the II electron system of the 
ring would explain these results. Addition of electron 
density to the H electron system from the oxygen atom would 
lead to the increased shielding of the ortho and para 
protons shown in the NMR s p e c t r a . ^ ^
The amine N-oxides are bases, but they are much weaker 
bases than the parent amines. The same type of electronic 
effects that occur in the amines occur in the amine oxides. 
The N-oxide group is easily polarized, so a change in 
electron density on the nitrogen will affect the donor 
ability of the molecule. The addition of the methyl group
in the picolines should have the same effect on the basic
strength of the amine N-oxides and their donor ability as it
does in the parent amines, thus it would be expected that 2 -
and 4-picoline-N-oxides would be the strongest bases, with
3-picoline-N-oxide being somewhat weaker, and
pydridine-N-oxide the weakest base in the study.
Ultraviolet spectroscopy has been used to determine pK^ 
values for the conjugate acids of the amine N-oxides used in 
this investigation. The values determined were 0.66 for
pyridine-N-oxide, and 1.02, 1.08, and 1.29 for 2-, 3-, and
2 74-picoline-N-oxide. The picoline-N-oxides are all
stronger bases than pyridine-N-oxide, and are similar to
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each other in base strength. 4-picoline-N-oxide is a 
slightly stronger base than the other picoline-N-oxides, and
2- and 3-picoline-N-oxides show approximately equal base 
strength; however, this may be due to a steric effect in the 
method used. It would be expected that the 2- and
4-picoline-N-oxides would be closer in basic strength.
Steric interaction should be less with the N-oxides 
than with the parent amines. The electron lone pair in 
nitrogen that coordinates with an acceptor in the amines is 
used to bond to the oxygen in the N-oxides, so the electron 
donation in the N-oxides is due to lone pairs on the oxygen 
atom. The bonding in the N-oxides is M-O-N, so there is an 
additional bond between the metal atom and the ring, which 
should decrease the steric effects. It would be expected 
that inductive electronic effects would be more important 
and steric effects would be less important in determining 
the strength of donor-acceptor complexes involving the 
N-oxides than complexes involving the parent amines.
There are various methods that can be used to determine 
the strength of the donor-acceptor interaction. Infrared 
spectroscopy has been used to determine if there is a 
bonding interaction between an oxygen lone pair and an 
electron acceptor. This method involves determining the 
stretching frequency of the nitrogen to oxygen bond, and 
comparing it to the stretching frequency of the complexed 
amine N - o x i d e . T h i s  method is most appropriate for 
determining relative acceptor strength when there is a
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fairly large difference in the Lewis acid strength of the 
acceptors. The nitrogen-oxygen bond can draw electron 
density from the H electron system to replace electron 
density donated to an acceptor. If there is only a small 
difference in the Lewis acid strength of various acceptors, 
there will be very little, if any, difference in the 
stretching frequency of the bond.
Ultraviolet spectroscopy has also been used to 
determine if the N-oxides react with acceptors. The 
formation of an adduct results in electron density from the 
oxygen being donated to the acceptor. Electron density is 
donated to the oxygen from the nitrogen to compensate for 
this loss, and electron density is donated to the nitrogen 
from the II electron system. The change in electron density 
in the system should result in a shift of the ultraviolet 
absorption m a x i m u m . T h i s  method suffers from the same 
disadvantages as the infrared method. A small change in 
donor strength results in a small change in the absorbance 
maximum, which can be difficult to detect.
NMR spectroscopy can also be used to determine relative
strength of donors and a c c e p t o r s . C h a n g e s  in acceptor
strength cause variations in the II electron density as
described above. The ring protons of the aromatic N-oxides
lie in the zone which is deshielded by the circulation of
the n electrons. The changes in the n electron density
cause changes in the amount of shielding of the ring 
2 4protons. The changes in shielding of the protons cause
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changes in the chemical shifts. Modern high resolution NMR 
spectrometers can detect small changes in chemical shifts, 
and can be used to determine relative strengths of donors.
In this investigation trimethylaluminum,
triethylaluminum, tripropylaluminum, tributylaluminum,
triisobutylaluminum, trimethylgallium, triethylgallium, 
tripropylgallium, tributylgallium, triisobutylgallium, 
trimethylindium, triethylindium, tripropylindium,
tributylindium, and triisobutylindium were each reacted with 
pyridine-N-oxide, 2-picoline-N-oxide, 3-picoline-N-oxide, 
and 4-picoline-N-oxide. For each metal alkyl, the relative 
donor strength of the ligands is compared. For each 
N-oxide, the relative acceptor strength of the metal alkyls 
is compared. The relationship between the proton NMR 
chemical shifts of the ligand hydrogens and the size of the 
metal atom is also examined by plotting chemical shift 
versus covalent radius and versus the atomic number of the 
metal atom for each alkyl group, then determining the slope 
of the line and the correlation coefficient. The chemical 
shifts of the alkyl group hydrogens are plotted versus the 
pK^ values of the amine N-oxide conjugate acids to examine 
this relationship.




A . Inert Atmosphere Techniques
The metal alkyls, metal chlorides, and the complexes 
synthesized are sensitive to air and moisture. The 
synthetic procedures were all performed in a nitrogen 
atmosphere in a dry box- The dry box was fitted with a 
purification train consisting of a column filled with copper 
wool and a column filled with Harshaw copper catalyst heated 
to 200 to 250°C to remove oxygen, a column of indicating 
silica gel to remove water, and a dry ice-acetone cold trap 
to remove organic solvents and any water not removed by the 
silica gel. Incoming nitrogen was passed through this 
train, and the system was fitted with an oilless diaphragm 
pump so the dry box atmosphere could be continuously 
recirculated through the columns. The dry box was fitted 
with a port where materials to be transferred into the box 
could be evacuated or flushed with dry nitrogen. Glassware 
used was dried in an oven, placed in the port, and the port 
was evacuated and flushed with nitrogen three times before 
the glassware was taken into the dry box. Containers of 
solvents were placed in the port and the port was purged 
with dry nitrogen for two hours before the containers were 
taken into the dry box. The NMR tubes and the IR and UV 
cells were loaded in the dry box to prevent decomposition of 
the complexes.
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B . Starting Materials
1 ) Metal Alkyls
All the alkyls of Group IIIA metals are air and water
sensitive. When exposed to air the alkyls decompose
rapidly, giving off a smoke of the metal oxide, The
alkyls hydrolyze violently when water is added, giving metal
oxide and alkane. All procedures involving metal alkyls
were carried out in a nitrogen atmosphere dry box to prevent 
2 8decomposition. The aluminum alkyls used in this study
were donated by the Ethyl Corporation and were used without 
purification. Gallium and indium alkyls were prepared from 
the metal chloride and the appropriate aluminum alkyl using 
standard synthetic procedures.
2) Metal Chlorides
High purity anhydrous metal chlorides were purchased 
from the Aesar group of the Johnson Matthey Corporation for 
use in the synthesis of the gallium and indium alkyls. 
These chlorides are moisture sensitive, but are less so than 
anhydrous aluminum chloride.
3) Solvents
Reagent grade solvents were used for this 
investigation. The solvents were dried with appropriate 
drying agents, usually metallic sodium. Hydrocarbon 
solvents were stored over sodium pellets. All solvents were 
degassed before they were used.
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4 ) Ligands
a) Pyridine-N-oxide
Pyridine-N-oxide (C^H^NO) was donated by the Reilly Tar 
and Chemical Corporation. The compound was purified by 
recrystallization from water and ethanol, then dried by 
heating in vacuum. The compound was a pale amber color and 
melted at 63 to 65°C. Pyridine-N-oxide is soluble in polar 
solvents and is only slightly soluble in nonpolar solvents.
b) 2-picoline-N-oxide
2-picoline-N-oxide (2-methylpyridine-N-oxide, C^H^NO) 
was donated by the Reilly Tar and Chemical Corporation. The 
compound was recrystallized from water and from ethanol, 
then dried by heating under vacuum. The recrystallized 
product was a pale yellow brown color and melted at 47 to 
49°C. 2-picoline-N-oxide is soluble in polar solvents and 
is only slightly soluble in nonpolar solvents.
c) 3-picoline-N-oxide
3-picoline-N-oxide (3-methylpyridine-N-oxide, C^H^NO) 
was donated by the Reilly Tar and Chemical Corporation. The 
compound was recrystallized from water and from ethanol, 
then dried by heating in vacuum. The recrystallized product 
was a pale amber color and melted at 40 to 4 1 °C. The 
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was donated by Reilly Tar and Chemical Corporation. The 
compound was recrystallized from water and from ethanol, 
then heated under vacuum to dry. The recrystallized product 
melted at 182 to 184°C, and was a pale tan color. The 
solubilities are similar to those of the other 
picoline-N-oxides, but this compound is much less 
hygroscopic.
C . Synthesis of Metal Alkyls
The general preparative reaction used involves the 
reaction of a metal chloride with an aluminum alkyl. When 
an aluminum alkyl is used as an alkylating agent, only one 
alkyl group is available to react so the aluminum alkyl and 
metal chloride are mixed in a 3:1 mole ratio:
SR^Al + MCbg ----=> R^M + SRgAlCl
(R=Me, Et, Pr, B u , i-Bu; M=Ga, In). Even when a 3:1 mole 
ratio is used the reaction yield is often low unless 
potassium chloride is added in a 1 : 1  mole ratio with the 
aluminum alkyl. Unreacted MCl^ can react with the RgAlCl 
formed to form a stable species and halt the reaction at one 
half of the theoretical yield:
MCI 3 + IRgAlCl ----- ^  M [RgAlClg]].
The addition of potassium chloride causes the formation of a 
stable potassium aluminate complex, freeing metal chloride 
and allowing the reaction to proceed to completion:
3KC1 + M [RgAlClg]] ---- >  MCI 3 + KCRgAlCl].
The net reaction when potassium chloride is used in the 
synthesis is
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MClg + SRgAl + 3KC1 ---- ^  RgM + 3K [RgAlClg].
In most cases the metal alkyl formed is a colorless 
distillable liquid.
The alkyl distilled from the reaction mixture is 
usually contaminated with a small percentage of aluminum 
alkyl, and in some cases some dialkyl aluminum chloride. 
These impurities may be removed by distilling the crude 
product from a flask containing an alkali metal fluoride. 
Gallium alkyls form stable complexes with potassium 
fluoride, but not with sodium fluoride, while indium alkyls 
do not form a complex with either fluoride. Sodium fluoride 
was used to purify the gallium alkyls and either potassium 
or sodium fluoride was used when purifying the indium 
alkyls.3'
1) General Synthetic Procedure for Metal Alkyls
In the synthesis of the metal alkyls from the metal 
chlorides, hexane was used as the solvent instead of 
pentane. Gaines, Borlin, and Fody claim the reaction
3temperature affects the yield of these reactions, and 
hexane was used instead of pentane to try to improve the 
yield An amount of metal chloride calculated to give an
appropriate quantity of metal alkyl was weighed out and 
mixed with 30 milliliters of dry hexane to form a 
suspension. Slightly more aluminum alkyl than was required 
for a 3:1 ratio of alkyl to chloride was weighed out and 
dissolved in 2 0  milliliters of dry hexane, then transferred 
to a pressure equalizing dropping funnel attached to the
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reaction flask. After a few milliliters of the aluminum
alkyl solution had been added to the metal chloride
suspension the reaction mixture began to boil. The rate of
addition of the aluminum alkyl solution was adjusted so the
reaction mixture refluxed throughout the rest of the
addition. A small excess of potassium chloride was added to
the hot reaction mixture, then external heating was begun
and the mixture was refluxed. The hexane was removed under
reduced pressure, then a vacuum distillation head and
receiver were fitted to the flask and the metal alkyl was
distilled out under reduced pressure. The product was mixed
with approximately ten percent by weight of sodium or
potassium fluoride and redistilled, then stored in a glass
stoppered storage flask until used.
a) Trimethylgallium
A modification of existing procedures was used in the
synthesis of trimethylgallium White used the general
preparative method described previously, using pentane as
the solvent and distilling solvent and product over in one 
29fraction. Using this method, one has to analyze the
solution of trimethylgallium to determine the amount of 
alkyl present before the yield of the reaction can be 
determined and before the solution can be used in any 
synthetic procedure. Gaines, Borlin, and Fody have reported 
a synthetic procedure where excess neat trimethylaluminum is
3added to gallium trichloride with no solvent present. 
Twice the stoichiometric amount of trimethylaluminum was
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used in their preparation to increase the yield of 
trimethylgallium to 63% from the approximately 50% yield one 
would expect using the stoichiometric amount of 
trimethylaluminum. Since the method used by White usually 
gives a yield of 75 to 90% of gallium alkyl, the best 
features of the two methods were used in a modification of 
Eisch's general procedure.^
24.640 grams (0.140 mole) of gallium trichloride and
39.201 grams (0.526 mole) of potassium chloride were weighed
out, mixed well, and placed in the reaction flask. 33.553 
grams (0.465 mole) of neat trimethylaluminum were added to 
the gallium chloride and potassium chloride mixture over a 
45 minute period. The rate of addition was adjusted so the 
product maintained a steady reflux during the addition. 
After the addition was complete and the reaction vessel 
cooled, a white solid mass formed. A fractionating column 
was fitted to the flask and the trimethylgallium was
distilled out at 55 to 6 0 °C at atmospheric pressure. The 
crude product was then mixed with solid sodium fluoride and 
redistilled. 8.590 grams of product boiling from 56 to 
58°C^ was collected, a 53.4% yield. The trimethylgallium 
contained 61,38% gallium, compared to the theoretical value 
of 60.72%.
b) Triethylgallium
38.650 grams (0.339 mole) of triethylaluminum was
weighed out and added to 19.718 grams (0.112 mole) of 
gallium trichloride over a period of 45 minutes. 25.060
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grains (0.336 mole) of potassium chloride was added and the 
reaction mixture was refluxed for thirty minutes. The 
solvent was removed under reduced pressure and the crude 
triethylgallium was distilled out at 120 to 125°C at 310 
millimeters pressure. The crude product was redistilled 
from solid sodium fluoride. The yield of purified product 
was 14.996 grams of colorless liquid boiling at 113 to 115°C 
at 280 millimeters pressure,^ an 85.3% yield. The crude 
triethylgallium contained 45.01% gallium, compared to the 
theoretical value of 44.44%.
c) Tripropylgallium
26.180 grams (0.168 mole) of tripropylaluminum was 
weighed out and added to 9.469 grams (0.0538 mole) of 
gallium trichloride over a 40 minute period. 14.425 grams 
(0.193 mole) of potassium chloride was added and the 
reaction mixture was refluxed for one hour. The hexane was 
removed under vacuum and crude tripropylgallium was 
distilled from the reaction mixture at 72 to 76°C under 9 
millimeters pressure- The crude product weighed 8.518 
grams, a 7 9.6% yield. The crude tripropylgallium was mixed 
sodium fluoride and redistilled. 7.936 grams of redistilled 
product boiling at 67 to 6 8 °C at 8  millimeters pressure^ was 
collected, a 74.1% yield. The theoretical percentage of 
gallium in tripropylgallium is 35.04% and the actual value 
was 34.71%.
d) Tributylgallium
30.389 grams (0.153 mole) of tributylaluminum was
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weighed out and added to 8.503 grams (0.0483 mole) of 
gallium trichloride over a period of 40 minutes. 11.773 
grams (0.158 mole) of potassium chloride was added and the 
mixture was refluxed for one hour. The hexane was removed 
under reduced pressure and the crude tributylgallium was 
distilled out of the reaction vessel. 11.367 grams of crude 
product boiling at 93 to 98°C under 1.5 millimeters pressure 
was collected, a 97.6% yield. The crude tributylgallium was 
mixed with sodium fluoride and redistilled. 10.96 grams of 
redistilled product boiling at 87 to 8 9 ®C at 1.0 millimeter 
pressure was collected, a 93.7% yield. The theoretical 
percentage of gallium in tributylgallium is 28.92% and the 
actual percentage was 29.13%.
e) Triisobutylgallium
52.745 grams (0.266 mole) of triisobutylaluminum was 
weighed out and added to 15.519 grams (0.0882 mole) of 
gallium trichloride over a 45 minute period. 20.625 grams 
(0.277 mole) of potassium chloride was added and the 
reaction mixture was refluxed for thirty minutes. The 
hexane was removed under reduced pressure, and the 
triisobutylgallium formed was distilled out under reduced 
pressure. The crude product, boiling at 6 8  to 72°C at 2.5 
millimeters pressure, weighed 18.755 grams, an 88.2% yield. 
The crude product was redistilled from solid sodium 
fluoride. The purified triisobutylgallium weighed 15.045 
grams, for a 70.8% yield, and had a boiling point of 6 8  to 
70°C at 3 millimeters pressure.^ The percentage of gallium
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in the purified triisobutylgallium was found to be 28.98%, 
compared to the theoretical value of 28.92%.
f) Trimethylindium
The standard preparation of trimethylindium involves 
placing stoichiometric amounts of dimethylmercury and indium 
metal in a reaction bomb, sealing it and heating for three 
or four days.^ The same procedure had also been used with 
dimethylzinc and indium metal. Eisch did not report a 
procedure for the synthesis of trimethylindium in his paper 
on metal alkyl synthesis,^ but his method offers several 
advantages if it could be used successfully There is a 
significant decrease in the time required for the synthesis. 
The toxicity of mercury alkyls is well documented. Finally, 
mercury and zinc alkyls are significantly more expensive 
than aluminum alkyls. A modification of Eisch's procedure 
was used to try to synthesize trimethylindium from indium 
trichloride and trimethylaluminum.
29.758 grams (0.413 mole) of trimethylaluminum was 
weighed out and added to 27.012 grams (0.122 mole of indium 
trichloride over a 45 minute period. 35.210 grams (0.472 
mole) of potassium chloride was added, a distilling head was 
fitted to the reaction flask, and the hexane was distilled 
off. A white solid mass with a grayish tint was left in the 
flask. An attempt was made to distill off the
trimethylindium, but the distilling head quickly became 
plugged with the product. The distilling head was removed 
and as much product as possible was recovered from it. A
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glass tube was fitted to the reaction flask and the system 
was evacuated. The flask was heated and the trimethylindium 
sublimed into the tube and was collected as white crystals. 
13.415 grams of trimethylindium was collected, a 68.7% yield 
of product. The product contained 71.37% indium. The
theoretical percentage of indium in trimethylindium is
71.79%.
g) Triethylindium
25.282 grams (0.221 mole) of triethylaluminum was 
weighed out and added to 16.236 grams (0.0738 mole) of
indium chloride over a period of 40 minutes. 16.710 grams
(0.224 mole) of potassium chloride was added and the mixture 
was refluxed for 30 minutes. The product was then distilled
out of the reaction flask under reduced pressure, yielding a
main fraction of 15.980 grams boiling at 61 to 6 4 “C at 3 
millimeters pressure. The crude product was then distilled 
from solid sodium fluoride, giving a main fraction of 13.048 
grams boiling at 52 to 55°C at 2.5 millimeters.^ The yield 
of colorless, redistilled product was 87.5%. When the 
product was analyzed for metal content, it was found to 
contain 56.77% indium. The calculated value is 56.83%.
h) Tripropylindium
26.020 grams (0.166 mole) of tripropylaluminum was 
weighed out and added to 11.516 grams (0.0521 mole) of
indium trichloride over a period of 30 minutes. 12.314
grams (0.165 mole) of potassium chloride was added and the 
mixture was refluxed for one hour. The hexane was removed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 9
under reduced pressure and the crude tripropylindium was 
distilled out of the reaction flask at 98 to 105°C under 2
millimeters pressure. 7.472 grams of redistilled product
was collected, a 58.8% yield. The theoretical percentage of
indium in the compound is 47.04%. The experimental value is
46.84%.
i) Tributylindium
33.078 grams (0.167 mole) of tributylaluminum was
weighed out and added to 11.918 grams (0.0538 mole) of
indium trichloride over a period of 30 minutes. 16.698
grams (0.224 mole) of potassium chloride was added, the 
reaction mixture was refluxed for one hour, and the
tributylindium was distilled out of the reaction mixture. 
8.379 grams of tributylindium boiling at 101 to 104°C at 
0.35 millimeters of pressure was collected, a 54.0% yield. 
The tributylindium was not redistilled because of the diffi­
culty of the distillation and the possibility of product 
decomposition at the temperature involved. The theoretical 
percentage of indium in tributylindium is 40.12%. The 
percentage determined experimentally was 40.81%. 
j) Triisobutylindium
The synthetic procedure reported by Eisch was slightly 
modified in an attempt to increase the yield and the purity 
of the product from the reaction. 40.530 grams (0.204 mole) 
of triisobutylaluminum was weighed out and added to 15.004 
grams (0.0678 mole) of indium trichloride over a period of 
30 minutes. 15.724 grams (0.211 mole) of potassium chloride
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 0
was then added and the mixture was refluxed for 30 minutes.
8.640 grams (0.205 mole) of sodium fluoride was added and 
the mixture was then refluxed for an additional 30 minutes. 
The hexane was removed under reduced pressure, leaving two 
distinct liquid layers in the reaction flask. The crude 
triisobutylindium was distilled from the reaction flask 
under reduced pressure. 14.420 grams of light yellow 
product boiling at 78 to 8 2 °C at 1.5 millimeters pressure 
was collected, a 74.3% yield of crude product. The crude 
product was light sensitive, darkening and depositing a 
black residue when the product sat in light- When the crude 
product was mixed with potassium fluoride and heated, there 
was no formation of two liquid layers. Repeated fractional 
distillation from solid potassium fluoride yielded 8.723 
grams of pure, almost colorless triisobutylindium boiling at 
6 8  to 70°C at 2.5 millimeters pressure,^ a 44.9% yield. 
This product was much less light sensitive than the crude 
product. The calculated indium content of the product is
40.12%. The experimental value for the final fraction was 
39.88%.
The crude product Eisch collected was a 1:1 mixture of 
triisobutylaluminum and triisobutylindium. The addition of 
the sodium fluoride to the original reaction mixture greatly 
reduced the amount of triisobutylaluminum distilled with the 
triisobutylindium. Eisch believed the light sensitivity of 
triisobutylindium is due to traces of diisobutylindium 
hydride. These traces could be formed by the thermal
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decomposition of triisobutylindium if the temperature is not 
controlled carefully. Eisch removed the solvent from the 
original reaction mixture before he added the potassium 
chloride and heated it at 110°C. He also heated the crude 
product with potassium fluoride for 3 0 minutes with no 
solvent present Triisobutylindium is completely decomposed 
to indium metal, hydrogen, and isobutylene at 1 2 5 °C. 
Refluxing the reaction mixture with potassium chloride in 
hexane would be far less likely to cause decomposition than 
heating the reaction mixture with potassium chloride at 
110°C. Repeated distillations will reduce the amount of 
diisobutylindium hydride which remains in the product. The 
yield from the modified procedure is about the same as that 
obtained from the original procedure (44.6% vs. 49.6%), but 
the modified procedure yields a purer product.
D) Synthesis of Metal Alkyl-Amine N-oxide Complexes 
1) General Synthetic Procedure for Metal Alkyl-Pyridine- 
N-oxide Complexes
A small quantity of metal alkyl was weighed accurately 
and dissolved in 75 milliliters of either dry toluene or dry 
benzene, forming a colorless solution. A calculated amount 
of dried, finely ground pyridine-N-oxide was weighed out so 
the two reactants were in a 1:1 mole ratio. The metal alkyl 
solution was placed in a flask containing a stirring bar and 
stirred with a magnetic stirrer. The powdered
pyridine-N-oxide was added to the stirred solution slowly. 
Pyridine-N-oxide is only slightly soluble in benzene or
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toluene, but the reaction product dissolves easily in these 
solvents. The solution was stirred after each addition of 
ligand until all solid present dissolved, then more 
pyridine-N-oxide was added. After the reaction was 
complete, the solvent was removed under vacuum and the 
product was collected. The yields from the reactions were 
almost quantitative, over 85% in most cases. Small amounts 
of product usually adhered to the glassware during the 
transfer from the reaction vessel to the tared storage 
vessel. This is probably the reason the yields are not 
quantitative.
a) Trimethylaluminum and pyridine-N-oxide
5.926 grams (0.0623 mole) of pyridine-N-oxide was added 
to 4.492 grams (0.0623 mole) of trimethylaluminum in benzene 
over a period of one hour. The solution turned light yellow 
after the first addition, and was brown when the reaction 
was complete. The reaction was moderately exothermic. The 
product was a light brown solid. The yield from this 
reaction was 96%. The product was sensitive to air and 
water, smoking and crumbling into powder when exposed to air 
and flaming when water was added to a small quantity of the 
solid.
b) Triethylaluminum and pyridine-N-oxide
3.241 grams (0.0341 mole) of pyridine-N-oxide was added 
to 3.891 grams (0.0341 mole) of triethylaluminum in benzene 
over a 45 minute period. The solution turned light yellow 
after the first addition, and was brownish orange when the
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reaction was complete. The reaction was moderately 
exothermic. The product was a brown liquid. The yield from 
this reaction was 92%. The liquid was sensitive to air and 
to water, smoking slightly and solidifying when exposed to 
air. Water was added to a small amount of the liquid, which 
immediately flamed.
c) Tripropylaluminum and pyridine-N-oxide
1.453 grams (0.0153 mole) of pyridine-N-oxide was
weighed out and added to 2.387 grams (0.0153 mole) of
tripropylaluminum in benzene over a 30 minute period. The 
solution turned yellow after the first addition of ligand, 
and was dark orange when the reaction was complete. The 
reaction was moderately exothermic. The product was 
collected as a brown-orange liquid. The yield from the 
reaction was 92%. The air and water sensitivity of this 
complex was similar to that of the triethylaluminum complex.
d) Tributylaluminum and pyridine-N-oxide
1.206 grams (0.0127 mole) of pyridine-N-oxide was
weighed out and added to 2.514 grams (0.0127 mole) of
tributylaluminum in benzene over a period of 30 minutes. 
The solution turned yellow after the first addition, and was 
dark orange when the reaction was complete. This reaction 
was slightly exothermic. The product was collected as a 
brown-orange liquid. The yield from this reaction was 93%. 
The air and water sensitivity of this complex was similar to 
that of the triethylaluminum complex.
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e) Triisobutylaluminum and pyridine-N-oxide
1.368 grams (0.0144 mole) of pyridine-N-oxide was
added to 2.853 grams (0.0144 mole) of triisobutylaluminum in 
toluene over a period of 30 minutes. After the first 
addition the solution turned light yellow, and was brown 
when the reaction was complete. The reaction was slightly 
exothermic. The product was a viscous, brown liquid. The 
yield from this reaction was 91%. The air and water 
sensitivity of this complex was similar to that of the 
triethylaluminum complex.
f) Trimethylgallium and pyridine-N-oxide
1.038 grams (0.0109 mole) of pyridine-N-oxide was
weighed out and added to 1.253 grams (0.0109 mole) of 
trimethylgallium in toluene over a period of 30 minutes. 
The solution turned pale yellow after the first addition, 
and had darkened very little when the reaction was complete. 
The reaction was somewhat exothermic. The product was a 
light tan powder. The yield from this reaction was 87%. 
The product was sensitive to air and water, but was less 
sensitive than the analogous aluminum compound. The product 
darkened when exposed to air. When water was added, there 
was a strongly exothermic reaction and a water soluble 
product was formed.
g) Triethylgallium and pyridine-N-oxide
1.245 grams (0.0131 mole) of pyridine-N-oxide was
added to 2.205 grams (0.0131 mole) of triethylgallium in 
toluene over a period of 45 minutes. The solution turned
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yellow after the first addition, and was orange when the 
reaction was complete. The reaction was slightly
exothermic. The product was a very viscous, red-orange 
liquid. The yield from this reaction was 77%. The product 
was sensitive to air and water, but not as sensitive as the 
analogous aluminum complex. The liquid thickened and 
solidified when exposed to air. When water was added, the 
complex decomposed exothermically, but without flaming, and 
formed a water soluble product.
h) Tripropylgallium and pyridine-N-oxide
0.620 gram (0.00652 mole) of pyridine-N-oxide was
weighed out and added to 1.297 grams (0.00652 mole) of
tripropylgallium in benzene over a 20 minute period. The
solution turned light yellow after the first addition, and
was dark orange when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
brown-orange liquid. The yield from this reaction was 86%. 
The air and water sensitivity of this complex was similar to 
that of the triethylgallium complex.
i) Tributylgallium and pyridine-N-oxide
0-703 gram (0.00739 mole) of pyridine-N-oxide was
weighed out and added to 1.782 grams (0.00739 mole) of
tributylgallium in benzene over a 20 minute period. The
solution turned light yellow after the first addition, and
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 92%.
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The air and water sensitivity of this complex was similar to 
that of the triethylgallium complex. 
j) Triisobutylgalllium and pyridine-N-oxide
0.835 gram (0.00878 mole) of pyridine-N-oxide was 
weighed out and added to 2.117 grams (0.00878 mole) of 
tripropylgallium in toluene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
was dark yellow at the completion of the reaction. The 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 92%. 
The air and water sensitivity of this complex was similar to 
that of the triethylgallium complex, 
k ) Trimethylindium and pyridine-N-oxide
1.094 grams (0.0115 mole) of pyridine-N-oxide was added 
to 1.840 grams (0.0115 mole) of trimethylindium in toluene 
over a period of 30 minutes. The solution turned yellow 
after the first addition, and was orange when the reaction 
was complete. The reaction was somewhat exothermic. The 
product was a viscous, red-orange liquid. The yield from 
the reaction was 89%. The liquid solidified and formed 
orange crystals when a small portion was withdrawn to 
prepare an NMR sample on a morning when the room temperature 
was 1 9 °C. The crystals remelted by the time the laboratory 
warmed to its usual afternoon temperature of 30°C. The 
product was sensitive to air and water, but was not as 
sensitive as the analogous aluminum and gallium compounds. 
The liquid darkened and solidified when exposed to air.
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When water was added to the liquid, it decomposed 
exothermically without flaming.
1) Triethylindium and pyridine-N-oxide
1.186 grams (0.0125 mole) of pyridine-N-oxide was 
weighed out and added to 2.520 grams (0.0125 mole) of 
triethylindium in toluene over a 45 minute period. This 
reaction was slightly exothermic. The solution turned 
yellow after the first addition, and was orange when the 
reaction was complete. The product was a viscous, 
brown-orange liquid. The yield from this reaction was 95%. 
This product was sensitive to air and water, but was less 
reactive than the corresponding aluminum and gallium 
compounds. The product darkened and slowly solidified when 
exposed to air. The addition of water to the product caused 
it to decompose moderately exothermically. 
m) Tripropylindium and pyridine-N-oxide
0.571 gram (0.00600 mole) of pyridine-N-oxide was 
weighed out and added to 1.466 grams (0.00600 mole) of 
tripropylindium in benzene over a 20 minute period. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
reddish-orange liquid. The yield from this reaction was 
93%. The air and water sensitivity of this complex was 
similar to that of the triethylindium complex, 
n) Tributylindium and pyridine-N-oxide
0.492 gram (0.00517 mole) of pyridine-N-oxide was
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weighed out and added to 1.480 grams (0.00517 mole) of 
tributylindium in benzene over a 20 minute period. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 91%. 
The air and water sensitivity of this complex was similar to 
that of the triethylindium complex,
o) Triisobutylindium and pyridine-N-oxide
0.473 gram (0.00497 mole) of pyridine-N-oxide was 
weighed out and added to 1.423 grams (0.00497 mole) of 
tripropylindium in toluene over a period of 20 minutes. The 
solution turned pale yellow after the first addition, and 
was yellow when the reaction was complete. The product was 
a yellow-orange liquid. The yield from this reaction was 
91%. The air and water sensitivity of this complex was 
similar to that of the triethylindium complex.
2) General Synthetic Procedure for Metal Alkyl 2-picoline 
N-oxide Complexes
The procedure for synthesizing these adducts was the 
same as that used for the pyridine-N-oxide adducts. Toluene 
or benzene was used as the solvent for the metal alkyl. 
2-picoline-N-oxide was almost insoluble in toluene or 
benzene while the product was soluble. The reaction was 
assumed to be complete when all the solid had dissolved. 
Yields are essentially quantitative.
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a) Trimethylaluminum and 2-picoline-N-oxide
3.329 grams (0.0305 mole) of 2-picoline-N-oxide was 
weighed out and added to 2.199 grams (0.0305 mole) of 
trimethylaluminum in toluene over a 30 minute period. The 
solution turned yellow after the first addition, and was
brownish orange when the reaction was complete. The 
reaction was moderately exothermic. The product was a light 
brown solid. The yield from this reaction was 95%. The 
compound was sensitive to air and water. The solid slowly
crumbled into powder when exposed to air. The solid flamed
when water was added to a small quantity.
b) Triethylaluminum and 2-picoline-N-oxide
3.877 grams (0.0355 mole) of 2-picoline-N-oxide was 
weighed out and added to 4.056 grams (0.0355 mole) of 
triethylaluminum in toluene over a 45 minute period. The 
solution turned yellow after the first addition, and was
brown-orange when the reaction was complete. The reaction 
was moderately exothermic. The product was a brown-orange 
liquid. The yield from this reaction was 92%. The liquid 
thickened and solidified when exposed to air. When water 
was added to the liquid, it flamed.
c) Tripropylaluminum and 2-picoline-N-oxide
1.696 grams (0-0305 mole) of 2-picoline-N-oxide was 
weighed out and added to 2.428 grams (0.0305 mole) of 
tripropylaluminum in benzene over a period of 30 minutes. 
The solution turned light yellow after the first addition, 
and was reddish-orange when the reaction was complete. The
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reaction was moderately exothermic. The product was a 
reddish-orange liquid. The yield from this reaction was 
90%. The air and water sensitivity of this complex was 
similar to that of the triethylaluminum complex.
d) Tributylaluminum and 2-picoline-N-oxide
1.346 grams (0.0123 mole) of 2-picoline-N-oxide was
weighed out and added to 2.447 grams (0.0123 mole) of
tributylaluminum in benzene over a 30 minute period. The 
solution turned yellow after the first addition, and was 
orange when the reaction was complete. The reaction was
slightly exothermic. The product was a red-orange liquid.
The yield from this reaction was 95%. The air and water 
sensitivity of this complex was similar to that of the
triethylaluminum complex.
e) Triisobutylaluminum and 2-picoline-N-oxide
2.307 grams (0.0211 mole) of 2-picoline-N-oxide was
weighed out and added to 4.193 grams (0.0211 mole) of
triisobutylaluminum in toluene over a 30 minute period. The 
solution turned yellow after the first addition, and was 
brown when the reaction was complete. The reaction was 
slightly exothermic. The product was a brownish-orange 
liquid. The yield of product was 94%. The air and water 
sensitivity of this complex was similar to that of the
triethylaluminum complex.
f) Trimethylgallium and 2-picoline-N-oxide
1.374 grams (0.0126 mole) of 2-picoline-N-oxide was
weighed out and added to 1.446 grams (0.0126 mole) of
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trimethylgallium in toluene over a period of 30 minutes. 
The solution turned very pale yellow after the first 
addition, and had darkened very little when the reaction was 
complete. The reaction was somewhat exothermic. The 
product was a light tan powder. The yield from this
reaction was 93%. The product was sensitive to air and 
water, but was not as sensitive as the analogous aluminum 
complex. The product darkened when it was exposed to air.
There was a strongly exothermic reaction, but no flaming,
when water was added, and a water soluble product was 
formed.
g) Triethylgallium and 2-picoline-N-oxide
1.899 grams (0.0174 mole) of 2-picoline-N-oxide was 
weighed out and added to 2.731 grams (0.0174 mole) of 
triethylgallium in toluene over a period of 45 minutes. The 
reaction was slightly exothermic. The solution turned
yellow after the first addition, and was orange at the 
completion of the reaction. The product was a viscous
red-orange liquid. The yield from this reaction was 81%.
The liquid was sensitive to air and water, but not as 
sensitive as the aluminum analogue. When exposed to air the 
liquid darkened and solidified. When water was added there 
was an exothermic reaction, but no flaming, and a water 
soluble product was formed.
h) Tripropylgallium and 2-picoline-N-oxide
0.804 gram (0.00737 mole) of 2-picoline-N-oxide was
weighed out and added to 1.466 grams (0.00737 mole) of
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tripropylgallium in benzene over a 20 minute period. The 
reaction was slightly exothermic. The product was a 
brown-orange liquid. The yield from this reaction was 92%. 
The air and water sensitivity of this complex was similar to 
that of the triethylgallium complex, 
i) Tributylgallium and 2-picoline-N-oxide
0.734 gram (0.00673 m o l e ) ' of 2-picoline-N-oxide was 
weighed out and added to 1.622 grams (0.00673 mole) of 
tributylgallium in benzene over a period of 20 minutes. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 89%. 
The air and water sensitivity of this complex was similar to 
that of the triethylgallium complex, 
j ) Triisobutylgallium and 2-picoline-N-oxide
1.018 grams (0.00933 mole) of 2-picoline-N-oxide was 
weighed out and added to 2.248 grams (0.00933 mole) of 
triisobutylgallium in toluene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
was yellow when the reaction was complete. The product was 
a yellow liquid. The yield from this reaction was 93%. The 
air and water sensitivity of this complex was similar to 
that of the triethylgallium complex, 
k) Trimethylindium and 2-picoline-N-oxide
0.941 gram (0.00862 mole) of 2-picoline-N-oxide was 
weighed out and added to 1.379 grams (0.00862 mole) of
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trimethylindium in toluene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
was light orange when the reaction was complete. The 
reaction was somewhat exothermic. The product was a 
reddish-orange solid. The yield from this reaction was
85%. The product was sensitive to air and water, but was 
not as sensitive as the aluminum and gallium analogues. The 
solid darkened and crumbled when it was exposed to air. 
When water was added to a small quantity of the solid, it 
decomposed exothermically without flaming.
1) Triethylindium and 2-picoline-N-oxide
1.329 grams (0.0122 mole) of 2-picoline-N-oxide was 
weighed out and added to 2.460 grams (0.0122 mole) of 
triethylindium in toluene over a period of 45 minutes. The 
solution turned yellow after the first addition, and was 
dark yellow when the reaction was complete. The product was 
a yellow-orange liquid. The yield from this reaction was 
95%. The product was sensitive to air and water, but not as 
sensitive as the analogous aluminum and gallium compounds. 
The product slowly darkened and solidified when it was 
exposed to air. When water was added to the liquid, it 
decomposed with moderate evolution of heat, 
m) Tripropylindium and 2-picoline-N-oxide
0.485 gram (0.00444 mole) of 2-picoline-N-oxide was 
weighed out and added to 1.084 grams (0.00444 mole) of 
tripropylindium in benzene over a 20 minute period. The 
solution turned light yellow after the first addition, and
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was dark yellow when the reaction was complete. The
reaction was slightly exothermic. The product was a
yellow-orange liquid. The yield from this reaction was
90%. The air and water sensitivity of this complex was
similar to that of the triethylindium complex,
n) Tributylindium and 2-picoline-N-oxide
0.535 gram (0.00490 mole) of 2-picoline-N-oxide was
weighed out and added to 1.404 grams (0.00491 mole) of
tributylindium in benzene over a period of 20 minutes. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. This
reaction was slightly exothermic. The product was a
yellow-orange liquid. The yield from this reaction was
82% The air and water sensitivity of this complex was
similar to that of the triethylindium complex,
o) Triisobutylindium and 2-picoline-N-oxide
0.508 gram (0.00465 mole) of 2-picoline-N-oxide was
weighed out and added to 1.333 grams (0.00466 mole) of
triisobutylindium in toluene over a period of 20 minutes. 
The solution turned very light yellow after the first 
addition, and had darkened only slightly when the reaction 
was complete. The product was a light yellow liquid. The 
yield from this reaction was 92%. The air and water 
sensitivity of this complex was similar to that of the 
triethylindium complex.
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3) General Synthetic Procedure for Metal Alkyl 3-picoline 
N-oxide Complexes
The procedure used was the same as that used in the 
synthesis of the pyridine-N-oxide complexes. Toluene or
benzene was used as the solvent for the metal alkyl.
Powdered 3-picoline-N-oxide was added slowly and the end of 
the reaction was indicated by the dissolution of all the
ligand. The yields were essentially quantitative.
a) Trimethylaluminum and 3-picoline-N-oxide
3.739 grams (0.0343 mole) of 3-picoline-N-oxide was
weighed out and added to 2.470 grams (0.0343 mole) of
trimethylaluminum in toluene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
was brown when the reaction was complete. The reaction was 
moderately exothermic. The product was a light brown solid. 
The yield from this reaction was 96%. The solid was 
sensitive to both air and water. It slowly darkened and 
crumbled when exposed to air. Addition of water to a small 
quantity of the solid caused it to flame.
b) Triethylaluminum and 3-picoline-N-oxide
4.025 grams (0.0369 mole) of 3-picoline-N-oxide was
weighed out and added to 4.211 grams (0.0369 mole) of
triethylaluminum in toluene over a 40 minute period. The 
solution turned light yellow after the first addition, and 
was reddish-orange when the reaction was complete. The 
reaction was moderately exothermic. The product was a
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reddish-orange liquid. The yield from this reaction was
93%. The liquid was sensitive to both air and water, slowly 
darkening and solidifying when exposed to air. Addition of
water caused the product to flame. An attempt was made to
purify this product by vacuum distillation. When the liquid 
began to boil, the pressure increased rapidly and the 
complex decomposed explosively.
c) Tripropylaluminum and 3-picoline-N-oxide
1.691 grams (0.0155 mole) of 3-picoline-N-oxide was
weighed out and added to 2.421 grams (0.0155 mole) of
tripropylaluminum in benzene over a period of 30 minutes. 
The solution turned yellow after the first addition, and was
dark orange when the reaction was complete. The reaction
was moderately exothermic. The product was a brown-orange 
liquid. The yield from this reaction was 96%. The air and 
water sensitivity of this complex was similar to that of the 
triethylaluminum complex.
d) Tributylaluminum and 3-picoline-N-oxide
1.246 grams (0.0114 mole) of 3-picoline-N-oxide was
weighed out and added to 2.264 grams (0.0114 mole) of
tributylaluminum in benzene over a 30 minute period. The 
solution turned yellow after the first addition, and was 
dark orange when the reaction was complete. The reaction 
was slightly exothermic. The yield from this reaction was 
90%. The air and water sensitivity of this complex was 
similar to that of the triethylaluminum complex.
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e) Triisobutylaluminum and 3-picoline-N-oxide
2.786 grams (0.0255 mole) of 3-picoline-N-oxide was
weighed out and added to 5.064 grams (0.0255 mole) of 
triisobutylaluminum in toluene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
was reddish-orange when the reaction was complete. The 
reaction was slightly exothermic. The product was a 
red-orange liquid. The yield from this reaction was 92%. 
The air and water sensitivity of this complex was similar to 
that of the triethylaluminum complex.
f) Trimethylgallium and 3-picoline-N-oxide
1.280 grams (0.0117 mole) of 3-picoline-N-oxide was
weighed out and added to 1.347 grams (0-. 0117 mole) of 
trimethylgallium in toluene over a 45 minute period. The 
solution turned very pale yellow after the first addition, 
and was pale orange when the reaction was complete. The 
reaction was somewhat exothermic. The product was a light 
reddish-brown powder. The yield from this reaction was 86%. 
The product was sensitive to air and water, but not as 
sensitive as the analogous aluminum compound. The product 
darkened when exposed to air. When water was added to the 
powder, a strongly exothermic reaction took place, and a 
water soluble product was formed.
g ) Triethylgallium and 3-picoline-N-oxide
1.986 grams (0.0182 mole) of 3-picoline-N-oxide was
weighed out and added to 2.855 grams (0.0182 mole) of 
triethylgallium in toluene over a period of 45 minutes. The
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solution turned yellow after the first addition, and was 
yellow-orange when the reaction was complete. The product 
was a viscous, orange liquid. An 80% yield of product was 
collected. The liquid was sensitive to air and water, but 
was less sensitive than the analogous aluminum compound. 
The liquid thickened and solidified when exposed to air. 
Adding water to the liquid caused an exothermic reaction 
without flaming, and the formation of a water soluble 
product.
h) Tripropylgallium and 3-picoline-N-oxide
0-832 gram (0-00762 mole) of 3-picoline-N-oxide was 
weighed out and added to 1.517 grams (0.00762 mole) of 
tripropylgallium in benzene over a 20 minute period. The
solution turned yellow after the first addition, and was 
orange when the reaction was complete. The reaction was 
slightly exothermic. The product was a brown-orange liquid. 
The yield from this reaction was 90%. The air and water 
sensitivity of this complex was similar to that of the 
triethylgallium complex.
i) Tributylgallium and 3-picoline-N-oxide
0.953 gram (0.00873 mole) of 3-picoline-N-oxide was 
weighed out and added to 2.106 grams (0.00874 mole) of 
tributylgallium in benzene over a period of 30 minutes. The
solution turned light yellow after the first addition, and
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a yellow 
orange liquid. The yield from this reaction was 89%. The
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air and water sensitivity of this complex was similar to 
that of the triethylgallium complex, 
j) Triisobutylgallium and 3-picoline-N-oxide
1.255 grams (0.0115 mole) of 3-picoline-N-oxide was 
weighed out and added to 2.772 grams (0.0115 mole) of 
triisobutylgallium in toluene over a 45 minute period. This 
reaction was slightly exothermic. The solution turned light 
yellow after the first addition, and was dark yellow when 
the reaction was complete. The product was a yellow-orange 
liquid. The yield from this reaction was 94%. The air and 
water sensitivity of this complex was similar to that of the 
triethylgallium complex
k ) Trimethylindium and 3-picoline-N-oxide
1.579 grams (0.0145 mole) of 3-picoline-N-oxide was 
weighed out and added to 2.314 grams (0.0145 mole) of 
trimethylindium in toluene over a 45 minute period. The 
solution turned light yellow after the first addition, and 
was light reddish-orange when the reaction was complete. 
The reaction was somewhat exothermic. The product was a 
red-orange, viscous liquid. The yield from this reaction 
was 93%. The liquid was sensitive to air and water, but not 
as sensitive as the analogous aluminum and gallium 
compounds. The liquid darkened and solidified when exposed 
to air. When water was added to the liquid, it decomposed 
exothermically without flaming.
1) Triethylindium and 3-picoline-N-oxide
1.252 grams (0.0115 mole) of 3-picoline-N-oxide was
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weighed out and added to 2.317 grams (0.0115 mole) of 
triethylindium in toluene over a 45 minute period. The 
solution turned yellow after the first addition, and was 
orange when the reaction was complete. The reaction was 
slightly exothermic. The product was a red-orange liquid.
The yield from this reaction was 98%. The air and water 
sensitivity of this complex was similar to that of the 
trimethylindium complex.
m) Tripropylindium and 3-picoline-N-oxide
0.528 gram (0.00484 mole) of 3-picoline-N-oxide was
weighed out and added to 1.181 grams (0.00484 mole) of 
tripropylindium in benzene over a period of 20 minutes. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. The 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 96%.
The air and water sensitivity of this complex was similar to
that of the trimethylindium complex, 
n) Tributylindium and 3-picoline-N-oxide
0.637 gram (0.00584 mole) of 3-picoline-N-oxide was
weighed out and added to 1.670 grams (0.00584 mole) of 
tributylindium in benzene over a period of 25 minutes. The 
solution turned light yellow after the first addition, and 
was light orange when the reaction was complete. The 
reaction was slightly exothermic. The product was a 
reddish-orange liquid. The yield from this reaction was 
86%. The air and water sensitivity of this complex was
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similar to that of the trimethylindium complex,
o) Triisobutylindium and 3-picoline-N-oxide
0.686 gram (0.00629 mole) of 3-picoline-N-oxide was 
weighed out and added to 1.799 grams (0.00629 mole) of 
triisobutylindium in toluene over a 20 minute period. The 
solution turned light yellow after the first addition, and 
darkened only slightly when the reaction was complete. This 
reaction was slightly exothermic. The product was a light 
yellow liquid. The yield from this reaction was 91%. The 
air and water sensitivity of this complex was similar to 
that of the trimethylindium complex.
4) General Synthetic Procedure for Metal Alkyl-4-picoline 
N-oxide Complexes
The synthetic procedure was the same as that used for 
the pyridine-N-oxide complexes. The solvent used for the 
metal alkyl was toluene or benzene, and the powdered ligand 
was added slowly. Complete dissolution of the ligand was
the point at which the reaction was complete. The yields 
obtained were essentially quantitative,
a) Trimethylaluminum and 4-picoline-N-oxide
3.194 grams (0.0293 mole) of 4-picoline-N-oxide was 
weighed out and added to 2.110 grams (0.0293 mole) of 
trimethylaluminum in toluene over a 30 minute period The 
solution turned light yellow after the first addition, and 
was light brown at the completion of the reaction. The 
reaction was moderately exothermic. The product was a light 
tan solid The yield from this reaction was 95%. The solid
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 2
was sensitive to air and water. When exposed to air, it 
slowly crumbled into powder. Addition of water to a small 
quantity of solid caused it to flame.
b) Triethylaluminum and 4-picoline-N-oxide
3.167 grams (0.0290 mole) of 4-picoline-N-oxide was 
weighed out and added to 3.113 grams (0.0290 mole) of 
triethylaluminum in toluene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
when the reaction was complete, was light brown. The 
reaction was moderately exothermic. The product was a light 
brown liquid. The yield from this reaction was 92%. The 
product was sensitive to air and water, darkening and 
solidifying when exposed to air. When water was added to a 
small quantity of the liquid, it flamed.
c) Tripropylaluminum and 4-picoline-N-oxide
1.662 grams (0.0152 mole) of 4-picoline-N-oxide was
weighed out and added to 2.379 grams (0.0152 mole) of
tripropylaluminum in benzene over a 30 minute period. The 
solution turned yellow after the first addition, and was 
dark orange when the reaction was complete. The reaction 
was moderately exothermic. The product was a brown-orange 
liquid. The yield from this reaction was 91%. The air and 
water sensitivity of this complex was similar to that of the 
triethylaluminum complex.
d) Tributylaluminum and 4-picoline-N-oxide
1.310 grams (0.0120 mole) of 4-picoline-N-oxide was
weighed out and added to 2.380 grams (0.0120 mole) of
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tributylaluminum in benzene over a period of 30 minutes. 
The solution turned yellow after the first addition, and was 
orange when the reaction was complete. The reaction was 
slightly exothermic. The product was a reddish-orange 
liquid. The yield from this reaction was 89%. The air and 
water sensitivity of this complex was similar to that of the 
triethylaluminum complex.
e) Triisobutylaluminum and 4-picoline-N-oxide
1.989 grams (0.0182 mole) of 4-picoline-N-oxide was 
weighed out and added to 3.615 grams (0.0182 mole) of 
triisobutylaluminum in toluene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
was light brown when the reaction was complete. The 
reaction was slightly exothermic. The product was a light 
brown liquid. The yield from this reaction was 93%. The 
air and water sensitivity of this complex was similar to 
that of the triethylaluminum complex.
f) Trimethylgallium and 4-picoline-N-oxide
1.220 grams (0.0112 mole) of 4-picoline-N-oxide was 
weighed out and added to 1.284 grams (0.0112 mole) of 
trimethylgallium in toluene over a 45 minute period. The 
solution turned a very pale yellow after the first addition, 
and had darkened very little when the reaction was 
complete. The product was a very light tan powder. The 
yield from this reaction was 90%. The product was sensitive 
to air and water, but was less sensitive than the analogous 
aluminum compound. The powder slowly darkened when it was
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exposed to air. When water was added to a small amount of
the powder, there was an exothermic reaction, but no
flaming, and a water soluble species was formed.
g) Triethylgallium and 4-picoline-N-oxide
2.059 grams (0.0189 mole) of 4-picoline-N-oxide was 
weighed out and added to 2.960 grams (0.0189 mole) of
triethylgallium in toluene over a period of 45 minutes. The 
solution turned yellow after the first addition, and was 
light orange when the reaction was complete. The product 
was a viscous yellow-orange liquid which partially
solidified. A 62% yield of product was collected. The
liquid was sensitive to air and water, but was not as 
sensitive as the analogous aluminum compound. The liquid 
slowly darkened solidified when exposed to air. When water 
was added to the liquid, it reacted exothermically without 
flaming, and formed a water soluble product.
h) Tripropylgallium and 4-picoline-N-oxide
0.786 gram (0.00720 mole) of 4-picoline-N-oxide was 
weighed out and added to 1.434 grams (0.00720 mole) of
tripropylgallium in benzene over a 20 minute period. The 
solution turned yellow after the first addition, and was 
orange when the reaction was complete. The product was a 
brown-orange liquid. The yield from this reaction was 90%. 
The air and water sensitivity of this product was similar to 
that of the triethylgallium complex.
i) Tributylgallium and 4-picoline-N-oxide
0.986 gram (0.00887 mole) of 4-picoline-N-oxide was
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weighed out and added to 2.139 grams (0.00887 mole) of 
tributylgallium in benzene over a 30 minute period. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 96%. 
The air and water sensitivity of this product was similar to 
that of the triethylgallium complex, 
j ) Triisobutylgallium and 4-picoline-N-oxide
1.168 grams (0.0107 mole) of 4-picoline-N-oxide was 
weighed out and added to 2.581 grams (0.0107 mole) of
triisobutylgallium in toluene over a period of 30 minutes. 
The solution turned light yellow after the first addition, 
and had darkened only slightly when the reaction was 
complete. This reaction was slightly exothermic. The
product was a light yellow liquid. The yield from this 
reaction was 94%. The air and water sensitivity of this 
product was similar to that of the triethylgallium complex, 
k) Trimethylindium and 4-picoline-N-oxide
1.539 grams (0.0141 mole) of 4-picoline-N-oxide was 
weighed out and added to 2.256 grams (0.0141 mole) of
trimethylindium in toluene over a 45 minute period. The 
solution turned pale yellow after the first addition, and 
was yellow when the reaction was complete. This reaction 
was somewhat exothermic. The product was a tan powder. The 
yield from this reaction was 89%. The product was sensitive 
to air and water, but not as sensitive as the analogous
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aluminum and gallium compounds. The powder darkened when it 
was exposed to air. When water was added to a small 
quantity of the powder, it decomposed exothermically, but 
without flaming.
1) Triethylindium and 4-picoline-N-oxide
1.132 grams (0.0104 mole) of 4-picoline-N-oxide was 
weighed out and added to 2.095 grams (0.0104 mole) of 
trimethylindium in toluene over a 30 minute period. The 
solution turned yellow after the first addition, and was 
dark yellow when the reaction was complete. This reaction 
was slightly exothermic. The product was a light
yellow-orange liquid. The yield from the reaction was 91%. 
The liquid was sensitive to air and water, but not as 
sensitive as the analogous aluminum and gallium compounds. 
The liquid darkened slowly and solidified when it was 
exposed to air. When water was added, the liquid decomposed 
exothermically, but without flaming, 
m) Tripropylindium and 4-picoline-N-oxide
0.548 gram (0.00502 mole) of 4-picoline-N-oxide was 
weighed out and added to 1.225 grams (0.00502 mole) of 
tripropylindium in benzene over a period of 20 minutes. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 83%. 
The air and water sensitivity of this complex was similar to 
that of the triethylindium complex.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 7
n) Tributylindium and 4-picoline-N-oxide
0.614 gram (0.00563 mole) of 4-picoline-N-oxide was
weighed out and added to 1.611 grams (0.00563 mole) of
tributylindium in benzene over a period of 25 minutes. The 
solution turned light yellow after the first addition, and 
was dark yellow when the reaction was complete. This 
reaction was slightly exothermic. The product was a 
yellow-orange liquid. The yield from this reaction was 86%.
The air and water sensitivity of this complex was similar to
that of the triethylindium complex, 
o) Triisobutylindium and 4-picoline-N-oxide
0.473 gram (0.00434 mole) of 4-picoline-N-oxide was
weighed out and added to 1.241 grams (0.00434 mole) of
triisobutylindium in toluene over a 20 minute period. The 
solution turned a very pale yellow after the first addition, 
and had darkened only slightly when the reaction was
complete. This reaction was slightly exothermic. The 
product was a very light yellow viscous liquid. The yield 
from this reaction was 70%. The air and water sensitivity 
of this complex was similar to that of the triethylindium 
complex.
E . Analysis of Metal Content of Compounds
The percentage of metal present in the compounds
synthesized in this project was determined using standard 
procedures. Samples were weighed out in the dry box, 
dissolved in an appropriate solvent if highly reactive, and 
transferred out of the dry box for the actual analysis. The
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compounds were treated with hot aqua regia to oxidize all 
the metal present to the +3 oxidation state. Samples 
dissolved in aqua regia were evaporated to near dryness at 
least three times, evaporated to near dryness at least twice 
with concentrated hydrochloric acid to remove all nitric 
acid (which reacts with the precipitating reagent), and then 
diluted to forty milliliters total volume with distilled 
water. If any metal hydroxide precipitate was formed upon 
dilution, hydrochloric acid was added slowly until the 
precipitate just dissolved. The solution was heated to 60 
to 70°C and a small excess of a 5% solution of 
8-hydroxyquinoline in 5% acetic acid was added. A four 
molar solution of ammonium nitrate was slowly added until a 
permanent precipitate was formed, then an additional 12.5 
milliliters of the acetate solution was added. The 
precipitate was digested at 70 to 80°C for one hour and then 
filtered through previously weighed sintered glass 
crucibles. The precipitate was washed with a minimum of 500 
milliliters of distilled water, then dried overnight at 
115° C. The precipitate was weighed as M( CgH^ON ) ̂
F . Visible-Ultraviolet Spectroscopy
The visible and ultraviolet absorption spectra of these 
complexes were recorded on a Cary 14 recording 
spectrophotometer. Hexane solutions with a concentration of
0.01 molar or less were used in obtaining the spectra. The 
solutions were contained in silica ultraviolet absorption 
cells fitted with ground glass stoppers. The cells were
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filled and stoppered in the dry box to minimize sample
decomposition. The ultraviolet spectra were recorded from 
200 to 350 nanometers. The visible spectra were recorded 
from 3 00 to 6 50 nanometers.
G . Infrared Spectroscopy
The infrared spectra of these complexes were recorded 
on a Perkin Elmer 621 spectrophotometer. Benzene solutions 
of the complexes were used in obtaining the spectra. Cells
fitted with sodium chloride or potassium bromide windows
were filled with sample and sealed in the dry box to
minimize sample decomposition. Spectra were recorded from 
4000 to 400 cm ^ .
H . NMR Spectroscopy
Some preliminary spectra were recorded on a Varian
A-60A spectrometer to determine if complex formation had 
occurred. The spectra reported in this work were recorded 
on a Bruker WP200 spectrometer. This is a pulsed, Fourier 
transform instrument operating at a frequency of 200
megahertz for proton spectra. Deuterochloroform, the 
solvent used for all the complexes, was used to establish 
the deuterium lock. The concentration of the solutions was 
approximately five percent. TMS was added to the solution
to serve as an internal standard. The spectra were recorded
at the ambient temperature of the probe, usually 25 to 30°C. 
A minimum of 256 pulses was used in obtaining the spectra.
I . Mass Spectrometry
Mass spectra of the complexes was recorded on a Hewlett
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Packard 5985A spectrometer. A few microliters of the NMR 
sample was placed in a short length of capillary tube and 
inserted into the direct inlet probe. After the solvent had 
evaporated, the sample was warmed until there was a high 
enough concentration of vapor to obtain a spectrum. The 
ionization source was a 70 eV electron gun.




A . Molecular Weight of the Complexes
An attempt was made to determine the molecular weights
of the complexes synthesized in this work by mass
spectrometry. No peaks were found which were close to the
calculated value of the parent mass. The most probable
explanation for this is the cleavage of the oxygen to
nitrogen bond, with the oxygen remaining attached to the
metal alkyl fragment and the formation of the aromatic
amine. Masses corresponding to the parent amine and R^MO
could be identified in the spectra. It has been reported
that one of the characteristic features of amine N-oxide
31mass spectra is a strong M-16 peak, so this result is not 
surprising. It was not possible to determine the molecular 
weight and degree of association of the complexes from the 
mass spectra.
The approximate molecular weight of the complexes was 
determined by measuring the freezing point depression of 
benzene solutions of the complexes. The molecular weights 
found were within a few percent of those calculated for the 
monomer molecular weight, so in solution these complexes 
were not associated.
B . Metal Analysis
The experimental values of the percentage of metal in 
the complexes were in good agreement with the calculated
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TABLE II
Metal Content of R^ML Complexes
Complex % Calculated % Found
Me^Al(PyO) 16.14- 16.98
Me3Al(2-PicO) 14.89 14.07






Pr^AKPyO) 10. 73 11.46










i-Bu 3 Al(4-PicO) 8.78 9.08
Me^GafPyO) 33.21 32.62
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values. This indicates the reaction was a simple addition 
reaction with no loss of alkyl.
C . Infrared Spectroscopy
The infrared spectra indicated that complex formation
had taken place, but it was not possible to determine the
strength of the acid-base interaction by comparison of the
spectra. The best indication of the formation of a complex
was measurement of the nitrogen oxygen stretching frequency.
In the uncomplexed amine N-oxide spectra, this band appears
between 1650 and 1600 cm ^ . In all the complexes this band
-1was shifted approximately 2 0  cm to longer wavelengths. 
The shifts are too similar to determine an order of acid 
strength, but they do confirm the coordination to the metal 
alkyl. The bond from the metal to the oxygen atom weakens 
the nitrogen to oxygen bond slightly, which causes the 
increase in wavelengths of the stretching frequency.
D . Visible-Ultraviolet Spectroscopy
The ultraviolet absorption maxima of the amine N-oxides 
are red shifted compared to those in the parent amines. 
This is due to the conjugation of the pi electron system of 
the ring with the oxygen atom. In the amine N-oxide 
complexes with the metal alkyls, there are very small blue 
shifts of the ultraviolet maxima. This is due to electron 
density donation from the oxygen atom to the metal atom, and 
the decrease in the degree of conjugation this causes. The 
shifts are small, and the range of shifts is too narrow to 
assign an order of base strength. For example, in the
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pyridine-N-oxide complexes the band at 281.5 nm in the 
uncomplexed amine N-oxide is shifted to 280.0 nm in the 
trimethylaluminum complex. In the triisobutylaluminum 
complex, the same band is shifted to 279.1 nm, and the 
values for the other complexes are between these two. The 
shifts in the complexes are virtually equal.
In the visible spectra, there is a broad, low intensity 
charge transfer band in the spectra of the complexes. The 
maxima of the bands for the aluminum alkyl complexes are at 
approximately 553 nm, those for the gallium alkyl complexes 
at approximately 5 56 nm, and those for the indium alkyl 
complexes are at approximately 557 nm. This shows the 
aluminum alkyl-amine N-oxide interaction is stronger than 
the gallium alkyl interaction, which is stronger than the 
indium alkyl interaction. Within a series of aluminum,
gallium, or indium alkyls, the maxima are virtually at 
identical wavelengths, making a meaningful assignment of 
acid strength impossible.
E . NMR Spectra
NMR spectroscopy is a powerful tool for determining the 
relative strength of adducts formed when reacting a series
o f Lewis acid with the same Lewis base, or a series of Lewis
32bases with the same Lewis acid. Chemical shifts of
hydrogen nuclei in the donor and acceptor are influenced by 
changes in electron density in the molecule caused by the 
formation of an adduct. In aromatic amine N-oxides the N-O 
group is polarized easily, and can either donate electron
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density to the aromatic ring or withdraw electron density
from the ring.^^ In this investigation a series of aromatic
amine oxides was reacted with a series of Group IIIA alkyls,
which are strong Lewis acids. When a metal alkyl is reacted
with one of the amine oxides, a bond is formed by the
donation of an oxygen electron lone pair to the metal atom.
The oxygen atom then draws electron density to itself from
the nitrogen, which in turn attracts electron density from
the aromatic ring. The changes in electron density in the
ring cause changes in the chemical shifts of the protons
attached to the ring, so by comparing the chemical shifts of
a series of adducts it is possible to arrange the metal
alkyls in order of increasing acceptor strength. The
addition of electron density to the metal atom will affect
the chemical shifts of the protons attached to the alkyl
groups on the metal, with protons on carbon atoms alpha to
the metal atom most strongly affected. By comparing
chemical shifts in a series of adducts with a common metal
alkyl, it is possible to arrange the amine N-oxides in order
32of increasing donor strength.
A fairly high field NMR spectrometer is necessary to
adequately separate the peaks so all hydrogens on the ring
may be identified. For example, when the spectrum of
2-picoline-N-oxide is obtained on a 60 MHz spectrometer, the 
hydrogen ortho to the nitrogen atom can be assigned because 
it is at lower field than the other ring hydrogens, but the 
other three hydrogens on the ring have overlapping
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resonances and cannot be distinguished. When the same 
spectrum is obtained on a 200 MHz instrument, the ortho and 
para hydrogen peaks can be assigned, but the two meta 
hydrogen signals overlap and cannot be distinguished. 
Double irradiation experiments confirmed the assignments of 
the ortho and para hydrogens, but did not reduce the overlap 
enough to assign the individual meta hydrogens which are in 
slightly different environments.
In pyridine-N-oxide there are three sets of chemical 
shift equivalent hydrogens. The two hydrogens ortho to the 
nitrogen atom (Hg) are chemical shift equivalent, the two
hydrogens meta (H^) are chemical shift equivalent, and the
hydrogen para (H^) is in a unique environment. The signal 
from the Hg hydrogens should be split into a doublet by the 
hydrogen atoms. There is also the possibility of a 1,3
coupling with the hydrogen atom, leading to a doublet of
doublets. When the structure of the molecule is examined, 
it is seen that the two hydrogen atoms labeled H 2 are 
magnetically nonequivalent and can couple with each other, 
causing an additional splitting of the signals. The 
magnitude of a coupling constant of this type is generally 
small. The signal from the hydrogen atoms should be 
split by both the and hydrogen atoms. The Hg and 
hydrogen atoms are nonequivalent, so a doublet of doublets 
would be expected; however, if the coupling constants are 
similar the pattern may appear to be a triplet. The two 
hydrogens are also magnetically nonequivalent and may couple
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to each other, causing each of the lines in the spectrum to 
be split into a doublet. The hydrogen signal should be
split into a triplet by the two Hg hydrogens. The signal 
should also be split by the H 2 hydrogens, with the signal
most likely to appear as a triplet of triplets. The
hydrogen atoms are located next to the highly
electronegative nitrogen atom, so it would be expected that
they would be deshielded strongly compared to Hg and H^.
When the actual spectrum of pyridine-N-oxide is
examined, it is found that the signal from the hydrogen
atoms is a doublet of doublets. The coupling between the
two H 2 hydrogen atoms is too small to be detected. The
signals from the and hydrogens overlap and cannot be 
distinguished. The signal appears as a three line pattern 
upfield from the signal from the H 2 hydrogen atoms.
Decoupling the H 2 hydrogens give a single broad peak for 
and hydrogens.
In 2-picoline-N-oxide the three hydrogen atoms on the 
methyl group are equivalent, and the four hydrogen atoms 
attached to the aromatic ring are all nonequivalent. Any 
coupling of the hydrogens of the methyl group with hydrogen 
atoms attached to the aromatic ring would be expected to be 
very small, so the signal from the methyl group should 
appear as a singlet. In addition, these hydrogens are not 
in the zone strongly deshielded by the aromatic ring 
current, so they should appear at a much higher field than 
the hydrogens attached to the ring. The signal from the
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hydrogen atom Hg should be split into a doublet by 
There is also the possibility of a 1,3 coupling with Hg 
which would result in a doublet of doublets. The signal 
from the hydrogen atom labeled should be split by Hg and 
H g, which are nonequivalent and should split the signal into 
a doublet of doublets. The coupling constants with 
should be similar, giving a triplet instead of a doublet of 
doublets. may also couple with H^, splitting each line
in the signal into a doublet. The signal from Hg should be 
split by and Hg, and appear as a doublet of doublets, but 
may possibly appear as a triplet. There may also be a 1,3 
coupling with H^, which would split each line in the signal 
from Hg into a doublet. The signal from Hg should be split 
into a doublet by Hg. There may also be a 1,3 coupling with 
H^, which would result in a doublet of doublets. The signal 
from Hg should occur fartherest downfield, since it is 
deshielded strongly by the adjacent nitrogen atom. Hg and 
are in similar environments, but the signal from Hg would 
be expected to be slightly upfield due to the presence of 
the ortho methyl group.
When the actual spectrum is examined, the most 
prominent feature is an intense, sharp singlet approximately 
4.5 ppm upfield from the rest of the peaks, assigned to the 
methyl group. The peak fartherest downfield appears as a 
doublet of doublets. This is assigned to Hg. The next 
signal appears to be a triplet split by an additional small 
splitting. Based on the splitting pattern this could be
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either or The electron density donated to the II
electron system by the nitrogen-oxygen double bond should 
shield and more than and so a preliminary
assignment was made that this signal was from The next
signal was a doublet of doublets, which was the strongest 
signal in this region of the spectrum. This signal was 
assigned to Hg and since their chemical shifts should be 
similar. The ratios of the peak areas were compared and
were approximately 1:1:2:3. Spin decoupling experiments 
were performed to confirm the assignments. When the signal 
assigned to was irradiated, the peaks in the triplet
sharpened slightly, and the doublet of doublets collapsed to 
a broad doublet. Irradiating the center of the signal
assigned to Hg and Hg caused the Hg pattern to collapse to a
closely spaced doublet. These decoupled spectra confirm the 
preliminary assignments.
In 3-picoline-N-oxide, the three hydrogen atoms on the 
methyl group should not display any strong couplings and
should appear as a singlet. They are not deshielded as
strongly as the ring hydrogens and should appear farther 
upfield. The four hydrogens attached to the ring are all
nonequivalent. The hydrogen atoms H 2 and Hg should be
deshielded more than the H^ and Hg, as they are ortho to the 
nitrogen atom. The hydrogen labeled H 2 is most likely to 
appear as a closely spaced doublet, with no adjacent 
hydrogens to cause any large splitting. There is likely to 
be a 1,3 coupling with H^ to cause the doublet. H 2 could
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couple with and but the magnitude of these coupling
constants is likely to be very small. The signal from 
will be split into a doublet by Hg, then may be split into a 
doublet of doublets by a 1,3 coupling with . The signal 
from will be split into a doublet by Hg. This signal may 
be split further by 1,3 couplings with H^ and Hg. H^ and 
Hg are nonequivalent, but it is likely that the magnitudes 
of the 1,3 coupling constants will be nearly equal, so the 
signal will probably appear as a doublet of triplets. The 
signal from Hg is split by both H^ and Hg. These hydrogens 
are nonequivalent and the signal should be split into a 
doublet of doublets, but may appear as a triplet if the 
coupling constants are similar. There is the possibility of 
a 1,4 coupling with H ^ , but the magnitude of the coupling 
constant would probably be small.
When the actual spectrum is examined, the most
prominent feature is a large singlet assigned to the methyl 
group hydrogens, approximately five ppm upfield from the 
rest of the peaks. The signal from the ring hydrogens which
appears at lowest field is a two line pattern. The peaks
are broad and the area of the downfield peak is
approximately twice that of the upfield peak. These signals 
were assigned to H^ and Hg, with the pattern observed due to 
overlapping signals from the two hydrogens. The peak 
broadening may be due to weak 1,3 couplings. Approximately 
one ppm upfield from the two line pattern is a five line 
pattern. Careful measurments of the splittings show the
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five peaks to be a triplet and a doublet, with the triplet 
occurring slightly downfield from the doublet. All the 
peaks in this pattern are moderately broad. The triplet was 
assigned to and the doublet to H^. To confirm these
assignments the signal from hydrogens and was
decoupled- The triplet collapsed to a doublet and all the 
peaks became sharper, confirming the assignments.
The spectrum of 4-picoline-N-oxide should be relatively 
simple. Any coupling of the methyl group hydrogens with the 
ring hydrogens should be small, so the signal should be a 
singlet. The four ring hydrogens can be divided into two
chemical shift equivalent sets. The two hydrogens belonging 
to each chemical shift equivalent set are magnetically 
nonequivalent, and may couple with each other. The signal 
from the hydrogens Hg is split by hydrogens into a 
doublet. The two Hg hydrogens may couple, but the magnitude 
of the coupling constant is likely to be small since the 
coupling passes through the nitrogen atom. The signal from 
hydrogens Hg is split by hydrogens Hg into a doublet. The 
two hydrogens may have a 1,3 coupling and appear as a 
doublet of doublets. The signal from Hg should occur at 
lower field than the signal from Hg, since Hg is deshielded 
more strongly by the nitrogen atom.
When the spectrum of 4-picoline-N-oxide is examined, it 
is found to consist of two doublets at relatively low field 
separated by approximately one ppm, and a singlet five ppm 
upfield. The doublet fartherest downfield is assigned to
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, the other is assigned to and the singlet is assigned
to the methyl group. The peak areas were in the ratio 
2:2:3. The peaks in the two doublets were moderately broad, 
possibly from small 1,3 couplings.
The spectra of the metal alkyls are relatively simple.
When the alkyl group is the same and difference metals are
used as the central atom, the major difference in the
spectra is the change in resonance frequency of the signals.
The trimethyl metal alkyls are all associated to some
extent. Trimethylaluminum is a dimer in solution or neat,
there is evidence that trimethylgallium is dimeric in
solution at room temperature,^ and trimethylindium is a
tetramer in the solid and in solution at room
33temperature. In all of the associated species the
association occurs through bridging methyl groups, so one 
would expect to see separate resonances for bridging and 
terminal methyl groups. In all the associated species, the 
exchange between bridging and terminal methyl groups is 
rapid at room temperature, and a single resonance is 
observed. The hydrogens in trimethylaluminum are shielded 
significantly more than those in trimethylgallium and
trimethylindium, which are shielded about equally (chemical 
shifts approximately 0.06 ppm apart).
Triethylaluminum is dimeric at room temperature in
solution and as the neat liquid. The aluminum atoms are 
connected by bridging ethyl groups , so there should be two 
nonequivalent sets of ethyl groups. The exchange of
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bridging and terminal groups is rapid, and only an averaged 
signal is seen at room temperature. The signal consists of 
a triplet assigned to the methyl hydrogens and a quartet at 
higher field assigned to the methylene hydrogens. In most 
cases the signal from the methylene hydrogens in an ethyl 
group will appear at lower field than the signal from the 
methyl group, but in triethylaluminum the carbon atoms are 
more electronegative than the aluminum and draw electron 
density from it, which increases the shielding of the 
methylene groups. Triethylgallium and triethylindium are 
monomeric,^ so all the ethyl groups are equivalent. The NMR 
signals from these alkyls also consist of a triplet 
downfield and a quartet upfield. Gallium and indium are 
more electronegative than aluminum, so the signals from the 
ethyl group hydrogens appear at lower field than those in 
triethylaluminum.
There is a significant fraction of dimer in 
tripropylaluminum in solution and in the neat liquid at room 
temperature. Exchange of bridging and terminal propyl 
groups is rapid on the NMR time scale, and the exchange 
between monomer and dimer is also rapid. This causes an 
averaged signal to be observed for each set of hydrogen 
atoms in tripropylaluminum. Tripropylgallium and
tripropylindium are monomeric in solution and in the neat 
liquid at room temperature,^ so all the propyl groups are 
equivalent in these two alkyls. The spectra of the alkyls 
consist of a triplet assigned to the methyl hydrogens, a
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triplet assigned to the alpha methylene hydrogens, and a six 
line pattern assigned to the beta methylene hydrogens. 
There should be twelve lines in the signal from the beta 
methylene hydrogens, but the coupling constants are similar, 
so fewer peaks appear. In all the alkyls, the signal from 
the beta methylene hydrogens is at lowest field, with the 
signal from the methyl hydrogens at higher field, and the 
signal from the alpha methylene hydrogens at highest field. 
The electronegativities of gallium and indium are higher 
than that of aluminum, so the signals from the alpha 
methylene group hydrogens are further downfield in 
tripropylgallium and tripropylindium than in
tripropylaluminum. The signals from the beta methyl group
hydrogens and the methyl group hydrogens are also shifted 
downfield in tripropylgallium and tripropylindium, but the 
shifts are smaller than the shifts of the alpha methylene 
hydrogen signals.
Tributylaluminum, tributylgallium, and tributylindium 
are monomers at room temperature,^ so all the butyl groups 
in an alkyl are equivalent. The hydrogen NMR spectrum of 
the butyl group should consist of four multiplets. The 
signal from the alpha methylene hydrogens is split by two 
equivalent hydrogens, so it should be a triplet. The signal 
from the beta methylene hydrogens is split by two sets of 
nonequivalent hydrogens. The first coupling should split 
the signal into a triplet, and the second coupling should 
split the signal into a triplet of triplets. The signal
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from the gamma methylene hydrogens is split by one set of
two hydrogens and a second nonequivalent set of three 
hydrogens. The first coupling should split the signal into 
a triplet, and the second coupling should split the triplet 
into a triplet of quartets. The signal from the methyl 
hydrogens is split by two equivalent hydrogen atoms, which 
will split the signal into a triplet. In the spectrum of
tributylaluminum, the signal at highest field is a triplet 
assigned to the alpha methylene hydrogens. Going downfield, 
the next signal is a triplet assigned to the methyl
hydrogens. The signal fartherest downfield is a broad
signal with several splittings which cannot be resolved.
This signal is assigned to the beta and gamma methylene
hydrogens. In the spectra of tributylgallium and
tributylindium, the signal at highest field is a triplet 
assigned to the alpha methylene hydrogens. Going downfield, 
the next signal is a triplet which is assigned to the methyl 
hydrogens. The next signal is a six line pattern which is
assigned to the gamma methylene hydrogens. Theoretically
this signal should consist of twelve lines, but the coupling 
constants are similar, and fewer lines appear. The signal 
fartherest downfield is a five line pattern assigned to the 
beta methylene hydrogens. According to theory, this should 
be a nine line pattern, but the coupling constants are 
similar, and fewer lines appear. The signals from 
tributylgallium and tributylindium are at lower field than 
those from tributylaluminum due to the higher
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electronegativities of gallium and indium.
The triisobutyl metal alkyls are monomers at room 
temperature. The isobutyl group is too large to allow the 
alkyls to spontaneously dimerize.^ Because all the alkyls 
are monomers, the three isobutyl groups attached to a metal 
center are equivalent. The signal from the isobutyl groups 
consists of three multiplets. The signal at lowest field is 
assigned to the methine hydrogen atoms. This signal
consists of a low intensity nine line pattern. The methine
hydrogen signal is split into a septet by the six equivalent 
hydrogens of the methyl groups. Each peak of the septet is 
then split into a triplet by the two hydrogen atoms of the
methylene groups. If the coupling constants were
significantly different, the signal should appear as a 
septet of triplets, a total of 21 peaks. In all three metal 
alkyls the coupling constants are similar, and overlap of 
peaks results in the appearance of only nine lines in the 
spectrum. The signals from the methyl groups and the
methylene groups are split by the methine hydrogens, 
resulting in each of these signals appearing as a doublet. 
In the spectra of triisobutylaluminum and triisobutylgallium 
the doublet assigned to the methyl hydrogens appears at 
lower field than the doublet assigned to the methylene 
hydrogens. In the spectrum of triisobutylindium, the
doublet of the methylene appears slightly downfield from the 
doublet of the methyl hydrogens. This can be explained by 
considering the electronegativity of the metal atom. As the
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electronegativity of the central metal atom increases, the 
amount of electron density which can be inductively drawn to 
the carbon atom decreases. The decrease in electron density 
drawn from the metal atom causes the alpha hydrogen atoms to 
be deshielded compared to those on a carbon attached to a 
metal atom with a low electronegativity. There is some 
disagreement about the electronegativities of the Group IIIA 
metals. Aluminum has the lowest electronegativity, with 
gallium and indium having higher values, but researchers 
have not agreed on which metal has the higher 
electronegativity. From the chemical shift data for
hydrogen atoms attached to alpha carbons, it appears the 
electronegativities of gallium and indium are very similar, 
with indium slightly more electronegative.
When the alkyl hydrogen chemical shifts of the
trimethylaluminum complexes are compared, it is seen that in 
all cases the signal is shifted approximately 0.7 ppm
upfield. The pyridine-N-oxide complex had the smallest
upfield shift, the 3-picoline-N-oxide complex had a slightly 
larger upfield shift, and the 2-picoline-N-oxide and 
4-picoline-N-oxide complexes had upfield shifts which were 
approximately equal and were the largest. This is the order 
which would be expected if steric factors played a minor 
role, so it appears that electronic factors are most 
important in determining the strengths of the interactions 
in the trimethylaluminum complexes.
In the triethylaluminum complexes, the signal from the
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T A B L E  I V
Alkyl Proton NMR Chemical Shifts of R^AIL Complexes (6 , ppm)
CHComplex C H 3 C H 2
Me^Al -0.2917






Et 3Al( 2 -PicO) 0.9705 -0.2919
EtgAlfl-PicO) 0.9679 -0.3019
Et2Al(4-PicO) 0.9682 -0.3074
Pr^Al 0.9425 0.3103(a 
1.4565(3
Pr_Al(PyO) 0.9063 -0.2031(a 
1.3778(3





BU 3 AI 0.8874 0.3226(3
1.3483(g & Y )
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Bu^AKPyO) 0.8324 -0.2423(a)
1.2690(B & Y )
BUgAlfZ-PicO) 0.8290 -0.2299(a) 
1.2744(3 & Y )
Bu^AlO-PicO) 0.8323 -0.2517(a) 
1.2686(3 & Y )
Bu^Al(4-PicO) 0.8293 -0.2649(a) 
1.2657(3 & Y )
i—Bu gAl 0.9635 0.3159 1.9357
i-Bu^AKPyO) 0.8887 -0.1623 1.7896
i-BUgAltZ-PicO) 0.8904 -0.1572 1.7943
i-BUgAlfS-PicO) 0.8860 -0.1715 1.7874
i-Bu^Al(4-PicO) 0.8878 -0.1781 1.7891
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T A B L E  V
Change in Proton NMR Chemical Shifts of R^AIL Complexes 
Reference to Uncomplexed Alkyl (5, ppm;
- = shielded, + = deshielded)
CHComplex CH 3 C % 2





EtgAl 0 . 0 0 0 0 0 . 0 0 0 0
Et^AKPyO) -0.1080 -0.6063
E t 3Al( 2 -PicO) -0.1094 -0.6396
Et^AlO-PicO) -0 . 1 1 2 0 —0.6496
Et2Al(4-PicO) -0.1117 -0.6551
Pr^Al 0 . 0 0 0 0 0 .0 0 0 0 (a) 
0.000G(g)
Pr^AlfPyO) -0.0362 -0.5134(a) 
-0.0787(g)
Pr 2 Al( 2 -PicO) -0.0448 -0.5296(a)
-0.0795(6)
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BUgAl 0 . 0 0 0 0 0 .0 0 0 0 (0 ) 
0 .0 0 0 0 ( 6  & Ï )
Bu^Al(PyO) -0.0550 -0.5649(a)
-0.0793(6 & Y )
Bu 3 Al( 2 -PicO) -0.0584 -0.5525(a)
-0.0739(6 & Y )
Bu^AlO-PicO) -0.0551 -0.5743(a) 
-0.0797(6 Sc Y )
BU2A1(4-Pic0) -0.5813 -0.5875(a) 
-0.0826(6 & Y )
i-BUgAl 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
i-Bu^AKPyO) -0.0748 -0.4782 -0.1461
i-BU 3Al( 2 -PicO) -0.0731 -0.4731 -0.1414
i-Bu^AlO-PicO) -0.0775 -0.4874 -0.1483
i-Bu3Al(4-PicO) -0.0757 -0.4940 -0.1466
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T A B L E  V I
Internal Chemical Shifts of R^AIL Complexes
Complex 6 H(g) - 6 H(a)
EtjAl 0.7322
Et-Al(PyO) 1 .2305










B U 2A 1 (2 -Pic0 ) 1.5043




i-Bu 3 Al( 2 -PicO) 1.9515
i-Bu^AlO-PicO) 1.9589
i-Bu3Al(4-PicO) 1.9672
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methyl group hydrogens is shifted upfield approximately 0 . 1 1  
ppm. All the chemical shifts are very similar, so there is 
no indication of relative base strength. The signals of the 
methylene hydrogens are shifted approximately 0 . 6  ppm 
upfield. The pyridine-N-oxide complex has the smallest 
upfield shift, followed by the 2-picoline-N-oxide complex, 
the 3-picoline-N-oxide complex, and the 4-picoline-N-oxide 
complex. The 2-picoline-N-oxide complex is the only one in 
the series that does not follow the pattern expected if 
electronic effects were the major factor in determining the 
strength of the interaction. 2-picoline-N-oxide is the 
ligand with the largest steric requirement, and this 
suggests steric interference is present.
It has been suggested that comparing chemical shifts of
hydrogen atoms on alpha carbons may not be the best method
of determining the strength of interactions for alkyl groups
32larger than methyl. Some electron density may be
transferred through the carbon to carbon bonds and spread 
the effects of electron donation or withdrawal throughout 
the group. The difference in chemical shifts of the methyl
and methylene hydrogens in an ethyl group was compared with
the electronegativity of a substituent, and a good
correlation was found. A highly electronegative substituent 
will draw more electron density from the alpha carbon than 
it does from the beta carbon, so the separation between the 
signals is wide. As the electronegativity of the
substituent decreases the spacing between the signals
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decreases, with the signal from the methylene hydrogens 
appearing upfield from the signal from the methyl hydrogens 
when the substituent is electropositive relative to carbon. 
When this is the case, an increase in electron donating 
ability of the substituent will lead to more electron 
density being donated to the methylene carbon than to the 
methyl carbon, and the spacing between the signals is 
increased. When the NMR data from the triethylaluminum 
complexes are compared in this manner, it is found that the 
complex with pyridine-N-oxide has the closest spacing 
between the signals. The spacing increases in the order of
2-picoline-N-oxide, 3-picoline-N-oxide, 4-picoline-N-oxide. 
This is the same order as the chemical shifts of the alpha 
hydrogens, and is an additional piece of evidence for the 
existence of steric effects in the 2-picoline-N-oxide 
complex.
In the tripropylaluminum complexes, the signals from 
the methyl group hydrogens are all shifted upfield by 
approximately 0.04 ppm. The signals from the 2- and 
4-picoline-N-oxide complexes are shifted farther upfield 
than the signals from the pyridine-N-oxide and
3-picoline-N-oxide complexes, indicating the first pair are 
stronger bases. The signals from the beta methyl group 
hydrogens are all shifted upfield by approximately 0.08 ppm. 
The signal from the 3-picoline-N—oxide complex is not 
shifted as far upfield as the signals from the other 
complexes, which indicates it is a weaker base. The signals
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from the alpha methylene hydrogens have the largest changes 
in chemical shift. The signal from the pyridine-N-oxide 
complex has the smallest change in chemical shift, the 
change in the signal from the 3-picoline-N-oxide complex is 
larger, the change in 2-picoline-N-oxide complex is even 
larger, and the 4-picoline-N-oxide complex has the largest 
change. There may be a slight steric effect in this series. 
The upfield shift of the signal from the alpha methylene 
hydrogens of the 2-picoline-N-oxide complex is slightly 
smaller than in the 4-picoline-N-oxide complex, and in the 
trimethylaluminum complexes the shifts were almost equal.
The difference in chemical shifts of the alpha and beta 
methylene hydrogens was computed and compared for the 
complexes. A larger difference in chemical shifts should 
indicate a stronger acid-base interaction. The difference 
in chemical shifts is significantly larger in the complexes 
than in the uncomplexed alkyl. In the complexes, the 
pyridine-N-oxide complex has the smallest difference in 
chemical shifts. The separation between the chemical shifts 
of the complexes increases in the order of
3-picoline-N-oxide, 2-picoline-N-oxide, and
4-picoline-N-oxide. This order is the same as the order of 
increasing upfield shift of the signal from the alpha 
methylene hydrogens, confirming the order of base strength 
determined above. The separation of the signals in the
2-picoline-N-oxide complex is closer to that of the
3-picoline-N-oxide complex than that of the
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4-picoline-N-oxide complex, indicating the possibility of 
some steric interference in the 2-picoline-N-oxide complex.
In the tributylaluminum complexes, the signals from the 
methyl group hydrogens are all shifted upfield by slightly 
more than 0.05 ppm. The signals from the 2- and
4-picoline-N-oxide complexes are shifted farther upfield 
than those from the pyridine-N-oxide and 3-picoline-N-oxide 
complexes, indicating the first pair are stronger bases. 
The signals from the beta and gamma methylene hydrogens 
overlap and cannot be distinguished. The signals are 
shifted upfield approximately 0.08 ppm in the complexes. 
The signal from the 2-picoline-N-oxide complex has the 
smallest upfield shift, indicating it is the weakest base. 
The signals from the pyridine-N-oxide and 3-picoline-N-oxide 
complexes are at higher field, and the signal from the
4-picoline-N-oxide has the largest upfield shift. The 
signals from the alpha methylene hydrogens have the largest 
changes in chemical shift. The 2-picoline-N-oxide complex 
has the smallest change in chemical shift, the 
pyridine-N-oxide complex has the next largest change, and 
the 4-picoline-N-oxide complex has the largest change. 
There is definite evidence of steric interference in this 
series of complexes, with the order of base strength 
determined to be 2-picoline-N-oxide, pyridine-N-oxide,
3-picoline-N-oxide, 4-picoline-N-oxide instead of the 
predicted order of pyridine-N-oxide, 3-picoline-N-oxide, and 
2- and 4-picoline-N-oxides.
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The separations between the signals from the alpha and 
beta methylene hydrogens were computed and compared. The 
separations between the signals are larger in the complexes 
than in the uncomplexed alkyl. The separation between the 
signals increases in the complexes in the order 
2-picoline-N-oxide, pyridine-N-oxide, 3-picoline-N-oxide,
4-picoline-N-oxide, confirming the order of base strength 
determined by comparison of the alpha methylene hydrogen 
chemical shifts. The small separation of the signal in the 
2-picoline-N-oxide complex confirms the presence of steric 
interference in this complex.
In the complexes with triisobutylaluminum, the signals 
from the methyl hydrogens are shifted upfield approximately 
0.075 ppm. All the shifts are similar and no useful 
information can be gained from the comparison of the 
signals. The signals from the methine hydrogens are all
shifted upfield 0.14 to 0.15 ppm. The signals from the
2-picoline-N-oxide complex is farther downfield than the 
others, indicating that it is the weakest base. The other 
signals are grouped too closely to draw any firm conclusion 
about the base strengths. The methylene hydrogen signals 
should give the clearest indication of base strength. When 
these chemical shifts are compared, it is seen that the 
signal from the 2-picoline-N-oxide complex appears at lowest 
field, followed in order by the signals from the
pyridine—N —oxide, 3-picoline-N—oxide, and 4-picoline-N-oxide 
complexes. The 2-picoline-N-oxide interaction should be one
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of the strongest, not the weakest. The relative weakness of 
the interaction can be explained by steric interference 
between the methyl group on the ligand and the three bulky 
isobutyl groups on the metal atom.
The differences in chemical shifts between the alpha 
and beta hydrogens were computed. When the differences in 
chemical shift is compared, it is found that in the 
complexes the separation between the signals is greater than 
it is in the uncomplexed alkyl. The difference between the 
signals is virtually the same in the pyridine-N-oxide and
2-picoline-N-oxide complexes, with the separation being 
greater in the 3-picoline-N-oxide complex and largest in the 
the 4-picoline-N-oxide complex. This confirms the
interaction between 2-picoline-N-oxide and
triisobutylaluminum is weaker than would be predicted.
When the chemical shifts of the methyl hydrogens in the 
trimethylgallium complexes are compared, it is found that 
the trend observed is that which would be predicted from 
consideration of inductive electronic effects. The 
pyridine-N-oxide complex has the smallest upfield shift. 
The 3-picoline-N-oxide complex has a slightly larger upfield 
shift, followed in order by the 4- and 2-picoline-N-oxide 
complexes. One would expect the pyridine-N-oxide
interaction to the weakest, followed by the
3-picoline-N-oxide interaction, with the 2- and
4-picoline-N-oxide interactions being strongest and 
approximately equal in strength.
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Bu^Ga 0.8828 0 .7006(a)
1. 5668(6 ) 
1. 2809 ( y  )
BUgGa(PyO) 0.8417 0 . 2 0 3 8 ( 0  )
1.3988(6 ) 
1.2476(y )
Bu^Ga(2-PicO) 0.8361 0.1921 ( a  ) 
1.3990(6 )
1. 2436 (y  )
Bu^GaO-PicO) 0.8421 0.1911 (a ) 
1.3916(6 )
1. 2474 ( y  )
Bu^Ga(4-PicO ) 0.8413 0.1766(a) 
1.3918(6) 
1.2472(y )
i-BUgGa 0.9382 0.7796 2.0669
i-Bu^GaCPyO) 0.8944 0.2598 1.8455
i-BUgGa ( 2 -PicO ) 0.8946 0.2475 1.8481
i-Bu^GaO-PicO) 0.8901 0.2295 1.8371
i-Bu2Ga(4-PicO) 0.8878 0.1781 1.7891
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T A B L E  V I I I
Change in Proton NMR Chemical Shifts of R^GaL Complexes 
Reference to Uncomplexed Alkyl (5, ppm;
- = shielded, + = deshielded)
CHComplex C H 3 CH 2
Me^Ga 0 . 0 0 0 0
Me^GatPyO) -0.5586
M e 2 Ga( 2 -PicO) -0.5901
Me^GaO-PicO) -0.5695
Me2Ga(4-PicO) -0.5842




Et^GaC 4-PicO) -0.0782 -0.5220
Pr^Ga 0 . 0 0 0 0 0 .0 0 0 0 (a)
0 .0 0 0 0 (B)
PrgGafPyO) -0.0441 -0.5206(a)
-0.1745(3)
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B UgGa(3-PicO) -0.0407 -0.5095(a)
-0.1752(B)
-0.0335(y)
BUgGa(4-PicO) -0.0415 -0.5240(a) 
-0.1750(B) 
-0.0337(y)
i-BUgGa 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
i-Bu^Ga(PyO) -0.0438 -0.5198 -0.2214
i-Bu3Ga(2-PicO) -0.0436 -0.5220 -0.2188
i-Bu^GaO-PicO) -0.0445 -0.5321 -0.2255
i-Bu^Ga(4-PicO) -0.0481 -0.5501 -0.2298
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T A B L E  I X
Internal Chemical Shifts of RgGaL Complexes
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Comparing the chemical shifts of the methyl hydrogens 
of the triethylgallium complexes shows the signals are 
shifted upfield by approximately 0.075 ppm. The signals 
from the pyridine-N-oxide and 2-picoline-N-oxide complexes 
are shifted upfield equally and have the smallest change in 
chemical shift. The signal from the 3-piooline-N-oxide 
complex was shifted slightly farther upfield, and the 
4-picoline-N-oxide complex signal was shifted the most. 
This would indicate the pyridine-N-oxide and
2-picoline-N-oxide interactions are weakest, followed in 
order by the 3- and 4-picoline-N-oxide interactions. The 
changes in the chemical shifts are too small to draw any 
firm conclusions from only the methyl group data. When the 
chemical shift data for the methylene hydrogens are 
compared, the upfield shift is smallest for the 
pyridine-N-oxide complex, and the change in chemical shift 
increased in the order 2— , 3— , 4—picoline—N-oxide complexes. 
It would be expected that the 2-picoline-N-oxide interaction 
would be stronger than that of the 3-picoline-N-oxide 
complex and the order found can be explained by steric 
interference between the methyl group on the amine N-oxide 
and the ethyl groups on the metal atom.
When the differences between the chemical shifts of the 
methyl and methylene hydrogens are compared, it is found 
that in all cases the difference is larger in the complexes 
than it is in the uncomplexed alkyl. The spacing between
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the signals is closest for the pyridine-N-oxide complex. 
The difference is larger and almost equal for the 
2-picoline-N-oxide and 3-picoline-N-oxide complexes. The 
difference is greatest in the 4-picoline-N-oxide complex. 
These data confirm the existence of a steric effect which 
causes the interaction between triethylgallium and
2-picoline-N-oxide to be weaker than would be predicted on 
the basis of inductive electronic effects.
In the tripropylgallium complexes, the signals from 
the methyl group hydrogens are shifted upfield approximately 
0.045 ppm. The changes in chemical shifts of the signals 
from the pyridine-N-oxide, 3-, and 4-picoline-N-oxide 
complexes are about equal, with the change in the
2-picoline-N-oxide complex signal slightly greater. This 
would indicate that the 2-picoline-N-oxide complex has the 
strongest acid-base interaction, but the difference is too 
small to definitely confirm this. The signals from the 
hydrogens of the beta methylene hydrogen are shifted upfield 
approximately 0.17 5 ppm compared to the uncomplexed alkyl. 
The upfield shifts of the signals from the pyridine-N-oxide 
and 3-picoline-N-oxide complexes are slightly smaller than 
those of the 2-picoline-N-oxide and 4-picoline-N-oxide 
complexes, indicating the first pair are weaker bases. The 
signals from the hydrogens of the alpha methylene hydrogens 
have the largest upfield shifts, approximately 0.53 ppm. 
The pyridine-N-oxide complex has the smallest change in 
chemical shift. The change in chemical shift of the other
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complexes increases in the order 3-, 2-, 4-picoline-N-oxide. 
This is the order of acidity which would be predicted. 
There is evidence of steric interference in the
2-picoline-N-oxide complex. The change in chemical shift of 
the 2-picoline-N-oxide complex is slightly greater than that 
of the 3-picoline-N-oxide complex, and significantly smaller 
than that of the 4-picoline-N-oxide complex. If there were 
no steric interference, it would be expected that the 
chemical shifts of the 2- and 4-picoline-N-oxide complexes 
would be more similar that the chemical shifts of the 2 - and
3-picoline-N-oxide complexes.
The difference in chemical shift between the hydrogens 
of the alpha and beta methylene groups was calculated and 
compared. The separation between the signals was larger in 
the complexes than in the uncomplexed alkyl. The smallest 
separation is in the pyridine-N-oxide complex. The 
separations are larger and almost equal in the 2 - and
3-picoline-N-oxide complexes, with the 2-picoline-N-oxide 
complex having a slightly larger separation. The separation 
between the signals is largest in the 4-picoline-N-oxide 
complex. This confirms the order of Lewis base strength 
determined by comparison of the chemical shifts of the 
signals from the alpha methylene hydrogens, and also 
indicates that there is steric interference in the
2-picoline-N-oxide complex.
In the tributylgallium complexes, the signals from the 
methyl hydrogens are shifted upfield by slightly more than
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0.04 ppm. The signals from the pyridine-N-oxide, 3-, and 
4-picoline-N-oxide complexes are shifted upfield by 
approximately the same amount, and the signal from the
2-picoline-N-oxide complex is shifted upfield a slightly 
larger amount. This indicates 2-picoline-N-oxide may be a 
slightly stronger base than the other amine N-oxides. The 
signals from the gamma methylene hydrogens are shifted 
upfield by approximately 0.035 ppm. The signals from the 
pyridine-N-oxide, 3-, and 4-picoline-N-oxide complexes all 
have approximately the same chemical shift, and the signal 
from the 2-picoline-N-oxide complex is at slightly higher 
field. This also tends to indicate that 2-picoline-N-oxide 
is a stronger base than the other three amine N-oxides. The 
signals from the beta methylene hydrogens are shifted 
upfield approximately 0.17 ppm. The signals from the 
pyridine-N-oxide and 2-picoline-N-oxide complexes have 
almost identical chemical shifts. The signals from the 3- 
and 4-picoline-N-oxide complexes occur at higher field and 
also have almost identical chemical shifts. This indicates 
that these amine N-oxides are similar in base strength, and 
they are stronger bases than the first pair. The signals 
from the alpha methylene hydrogens are shifted upfield 
approximately 0.5 ppm compared to the uncomplexed alkyl. 
The signal from the pyridine-N-oxide complex has the 
smallest upfield shift. The signals from the 2- and
3-picoline-N-oxide complexes have very similar chemical 
shifts, with the 3-picoline-N-oxide complex signal having a
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slightly greater upfield shift. The signal from the 
4-picoline-N-oxide complex is at highest field, indicating 
it is the strongest base. In this series of complexes the 
amine N-oxides increase in base strength in the order 
pyridine-N-oxide, 3- and 2-picoline-N-oxides,
4-picoline-N-oxide. There is definite evidence of steric 
interference in the 2-picoline-N-oxide complex, as the 
chemical shift data indicates 2-picoline-N-oxide is about 
equal to or slightly weaker in base strength compared to
3-picoline-N-oxide, instead of being a stronger base as 
would be predicted.
The difference in chemical shift between the signals 
from the alpha and beta methylene groups in the complexes 
was calculated and compared. The separation between the 
signals is larger in the complexes than in the uncomplexed 
alkyl. The separation is smallest in the pyridine-N-oxide 
complex, and in the other complexes the separation increases 
in the order 3-, 2-, 4-picoline-N-oxide. This confirms the 
order of base strength determined by comparison of the 
chemical shifts of the signals from the alpha methylene 
hydrogens. This also confirms the existence of steric 
interference in the 2-picoline-N-oxide complex which weakens 
the acid-base reaction.
Comparing the chemical shifts of the methyl group 
hydrogens of the triisobutylgallium complexes yields only 
one useful piece of information. The signal from the 
4-picoline-N-oxide complex is shifted farther upfield than
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it is in the other complexes, indicating it is the strongest
base. The other three signals are so similar in position
that no conclusions can be drawn about the relative
strengths of the b a s e s . More information can be gained by 
examining the changes in position of the signal from the 
methine hydrogens in the complexes. All these signals are 
shifted upfield by approximately 0.22 ppm. A definite order 
can be determined in the upfield shifts of these signals. 
The 2-picoline-N-oxide complex has the smallest change in 
chemical shift. The pyridine-N-oxide complex has a slightly 
larger change in chemical shift, the shift in the
3-picoline-N-oxide complex is larger than in the 
pyridine-N-oxide complex, and the 4-picoline-N-oxide complex 
signal was shifted upfield the most. This indicates that
there is steric interference causing the interaction with 
2-picoline-N-oxide to be weaker than would be predicted. 
The chemical shifts of the alpha methylene hydrogens give 
the clearest indication of the strength of the interactions. 
The pyridine-N-oxide complex shows the smallest upfield 
shift of the signal. The signal from the 2-picoline-N-oxide
complex is shifted upfield slightly farther. The signal
from the 3-picoline-N-oxide complex is at higher field, and 
the signal from the 4-picoline-N-oxide complex occurs at the 
highest field. There is definite evidence of steric 
interference between the methyl group of the 
2-picoline-N-oxide and the isobutyl groups attached to the 
metal atom.
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The differences in chemical shifts of the alpha and 
beta hydrogen atoms were computed and compared. The 
separation between the signals in each complex was increased 
by approximately 0.3 ppm compared to the uncomplexed alkyl. 
The complex with the smallest separation between the signals 
was the pyridine-N-oxide complex. The spacing between the 
signals increased in the order 2-, 3-, and
4-picoline-N-oxide. This supports the existence of steric 
interference weakening the interaction between
2-picoline-N-oxide and triisobutylgallium.
When the chemical shifts of the triraethylindium
complexes are examined, it is seen that all the signals are 
shifted upfield by approximately 0.56 ppm. The signal from 
the pyridine-N-oxide complex showed the smallest upfield 
shift. The 3-picoline-N-oxide complex has the next largest 
upfield shift, followed by the 4-picoline-N-oxide complex, 
with the 2-picoline-N-oxide complex having the largest 
upfield shift. This is in agreement with the order which 
would be predicted by considering inductive electronic 
effects, with no evidence of steric interactions.
The signals from the methyl groups of the 
triethylindium complexes can be divided into two sets. The 
signals from the pyridine-N-oxide and the 3-picoline-N-oxide 
complexes are shifted upfield by approximately the same 
amount. The signals from the 2- and 4-picoline-N-oxide 
complexes are shifted farther upfield, and these shifts are 
also approximately equal. This indicates that the
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T A B L E  X
Alkyl Proton NMR Chemical Shifts of R^InL Complexes (6 , ppm)
Complex CH 3 C H 3 CH
Me^In 0.0749
























BUgln(PyO) 0.8484 0.4245( G) 
1.5705( 6) 
1.2536(7)
BUgIn(2-PicO) 0.8426 0.3927(a) 
1.5622(B) 
1.2471(7)






i-BUgIn 0.9678 1.0204 2.2656
i-BUgIn(PyO) 0.9042 0.5058 2.0340
i-BUgIn(2-PicO) 0.8990 0.4839 2.0290
i-BUgIn(3-PicO) 0.9034 0.4934 2.0320
i-BUgIn(4-PicO) 0.8902 0.4806 2.0278
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T A B L E  X I
Change in Proton NMR Chemical Shifts of R^InL Complexes 
Reference to Uncomplexed Alkyl (5, ppm;
- = shielded, + = deshielded)
Complex CH 3 CHg










Pr^In 0 . 0 0 0 0 0 .0 0 0 0 ( 0
0 .0 0 0 0 ( 6
Pr^InfPyO) -0.0597 -0.4831 ( 0  
-0.1579(6
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BUjIn 0 . 0 0 0 0 0 .0 0 0 0 (a) 
0.0000(B) 
O.OOOO(y)
BUgIn(PyO) -0.0499 -0.3300(a) 
-0.0862(B) 
-0.0524(y )
Bu 2 ln( 2 -PicO) -0.0557 - 0 . 3 6 1 8 ( G )
- 0 . 0 9 4 5 ( B )
-0.0589(Y)
Bu^InO-PicO) -0.0487 - 0 . 3 4 3 0 ( G )
-0.0877(6) 
-0.0530(Y)
Bu^In(4-PicO) -0.0518 - 0 . 3 5 6 3 ( a )
-0.0936(B)
-0.0556(Y)
i-BUgIn 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
i-BUgln(PyO) -0.0636 -0.5146 -0.2316
i-BUgIn(2-PicO) -0.0688 -0.5365 -0.2366
i-BUgIn(3-PicO) -0.0644 -0.5270 -0.2336
i-BUgIn(4-PicO) -0.0481 -0.5501 -0.2298
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T A B L E  X I I
Internal Chemical Shifts of R^InL Complexes
Complex 6 H(B ) - 6 H( a)
Etgin 0.5619
Etgln(PyO) 0.8657
E t 2 l n ( 2 - P i c O ) 0.8859
Etjln(3-Pic0) 0.8749





P r 2 l n ( 4 - P i c O ) 1.2080
BUgIn 0.9022
BUgIn(PyO) 1.1460
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donor-acceptor interactions are stronger in the 2 - and 
4-picoline-N-oxide complexes. The changes in chemical shift 
within the two sets are too similar to show which complex 
has a stronger interaction. The chemical shifts of the 
methylene hydrogens differ enough to determine the relative 
strength of the base in all four complexes. The weakest 
interaction is in the pyridine-N-oxide complex, which has 
the smallest upfield shift of the signal. The strength of 
the interaction increases in the order 3-, 4-,
2-picoline-N-oxide. This agrees with the theoretical order 
of the strengths of the interactions, showing there is 
little, if any, steric interference.
The difference in chemical shift between the signals 
from the methyl and methylene hydrogens was computed and 
compared. The difference in chemical shift in the complexes 
was slightly more than 0.3 ppm greater than in the 
uncomplexed alkyl. The order of increasing separation of 
the two signals was the same as the order of increasing 
upfield position of the alpha hydrogen chemical shift in the 
complexes. This confirms the absence of steric interference 
affecting the strengths of the interactions in the 
triethylindium complexes.
In the tripropylindium complexes, the signals from the 
methyl hydrogens are shifted upfield approximately 0.06 ppm. 
The upfield shift of the complexes increases in the order
3-picoline-N-oxide, pyridine-N-oxide, 4-picoline-N-oxide,
2-picoline-N-oxide. This indicates that pyridine-N-oxide
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and 3-picoline-N-oxide are weaker Lewis bases fhan 2- and 
4-picoline-N-oxide. The signals from the beta methylene 
hydrogens are shifted upfield by approximately 0.16 ppm. 
The signals from the pyridine-N-oxide and 3-picoline-N-oxide 
complexes have almost identical chemical shifts, and they 
appear at lower field than the signals from the 2 - and
4-picoline-N-oxide complexes. The signal from the
2-picoline-N-oxide complex occurs at slightly higher field 
than the signal from the 4-picoline-N-oxide complex, 
suggesting that 2-picoline-N-oxide may be the strongest 
bases in this series. The signal from the alpha methylene 
hydrogens are shifted upfield by approximately 0.5 ppm. The 
signal from the pyridine-N-oxide complex has the smallest 
change in chemical shift, and the change in chemical shift 
of the other complexes increases in the order 3-, 4-,
2-picoline-N-oxide. This indicates the order of base 
strength in this series of complexes is pyridine-N-oxide,
3-, 4-, 2-picoline-N-oxide. There is no evidence of steric 
interference in this series, since 2-picoline-N-oxide is the 
strongest base.
The difference in chemical shift of the signals from 
the alpha and beta methylene hydrogens was computed and 
compared. The separation between the signals was larger in 
the complexes than in the uncomplexed alkyl. The separation 
was smallest in the pyridine-N-oxide complex, then increased 
in the other complexes in the order 3-, 4-,
2-picoline-N-oxide. This is the same order that was
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determined by comparison of the chemical shifts of the 
signals from the alpha methylene group hydrogens, and this 
confirms the order of base strength determined above. The 
comparison of the separations between the signals also 
confirms the absence of steric interference in this series 
of complexes.
In the tributylindium complexes, the signals from the 
methyl hydrogens are shifted upfield by approximately 0.05 
ppm. The signals from the 2- and 4-picoline-N-oxide 
complexes are shifted upfield by approximately 0.055 ppm. 
The signals from the pyridine-N-oxide and 3-picoline-N-oxide 
complexes were not shifted upfield as far as the signals 
from the 2- and 4-picoline-N-oxide complexes, an additional 
piece of evidence the first pair are the weaker bases in 
this series. The signals from the beta methylene hydrogens 
are shifted upfield by approximately 0.09 ppm. The signals 
from the pyridine-N-oxide and 3-picoline-N-oxide complexes 
have smaller upfield shifts than the signals from the 2 - and
4-picoline-N-oxide complexes. This helps confirm 2- and
4-picoline-N-oxide are stronger bases. When the chemical 
shifts of the signals from the alpha methylene hydrogens are 
compared, it is seen that the signal from the 
pyridine-N-oxide complex has the smallest upfield shift. The 
shift increases in the order 3-, 4-, 2-picoline-N-oxide. 
This order indicates there is no steric interference in this 
series of complexes, since 2-picoline-N-oxide is the 
strongest base. The order of increasing base strength as
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determined by NMR data is pyridine-N-oxide, 3-, 4-,
2-picoline-N-oxide.
The difference in chemical shifts of the hydrogens of 
the alpha and beta methylene hydrogens was computed and 
compared. The separation between the signals in all the 
complexes was larger than that of the uncomplexed alkyl. 
The separation between the signals increases in the order 
pyridine-N oxide, 3-, 4-, 2-picoline-N-oxide. The order of 
increasing separation confirms the order of increasing base 
strength assigned above. The order of separation between 
the signals also confirms there is no steric interference in 
this series of complexes.
The signals from the methyl groups show a more definite 
trend in the triisobutylindium complexes than they do in the 
triisobutylaluminum or triisobutylgallium complexes. The 
pyridine-N-oxide complex has the smallest upfield shift, 
with the shift for the 3-picoline-N-oxide complex almost 
equal. the signal from the 2-picoline-N-oxide complex was 
shifted more upfield, and the signal from the
4-picoline-N-oxide was at highest field. This indicates 
that the acid-base interactions are weakest in the 
pyridine-N-oxide and the 3-picoline-N-oxide complexes. The 
order of the changes in the chemical shifts of the methine 
hydrogens is the same as that for the methyl hydrogens, and 
no new information is gained from these data. The changes 
in chemical shift positions of the signals from the 
methylene hydrogens yield the most information about the
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strengths of the acid-base interactions. The signal from 
the pyridine-N-oxide complex has the smallest upfield shift, 
indicating the weakest interaction. The shifts in signal 
position of the other complexes are in the order 3-, 2-,
4-picoline-N-oxide. This order agrees with that predicted 
from inductive electronic effects, indicating there is no 
major steric interference in this series of complexes. In 
the trimethylindium and triethylindium series the signal 
from the alpha hydrogen atoms occurs at lower field in the
4-picoline-N-oxide complex than it does in the 
2-picoline-N-oxide complex, while in the triisobutylindium 
series the order is reversed. This indicates there may be a 
small steric interaction between the methyl group in
2-picoline-N-oxide and the isobutyl groups on the metal 
atom.
The difference between the chemical shifts of the alpha 
and beta hydrogens was computed and compared. The 
difference in the chemical shifts in all the complexes is 
approximately 0.3 ppm larger than in the uncomplexed alkyl. 
The separation between the signals increases in the order 
pyridine-N-oxide, 3-, 2-, 4-picoline-N-oxide. The order of 
increasing separation between the signals is the same as the 
order of increasing change in shift of the alpha hydrogens, 
which also indicates there is no major steric interference 
in this series of complexes.
From comparing only the changes in chemical shifts of 
the alpha hydrogen atoms, it can be seen that when aluminum
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is the central metal atom in the metal alkyl there is no 
evidence of a steric effect when the alkyl groups on the 
metal atom are methyl groups. In the series of complexes 
with triethylaluminum, steric interference causes the
interaction between the metal alkyl and 2-picoline-N-oxide 
to be weaker than the one between the metal alkyl and
3-picoline-N-oxide. When tripropylaluminum is used as the 
metal alkyl, there is evidence of a small amount of steric
interference in the 2-picoline-N-oxide complex. The
interaction between the metal alkyl and 2-picoline-N-oxide 
is weaker than that between the metal alkyl and
4-picoline-N-oxide, but the interaction is still stronger
than the one with 3-picoline-N-oxide. In the series of 
complexes using tributylaluminum as the metal alkyl, there 
is definite evidence of steric interference in the
2-picoline-N-oxide complex. The degree of interference is 
large enough that 2-picoline-N-oxide is the weakest base in 
this series of complexes. When the alkyl groups on aluminum 
are isobutyl groups, the steric interference is very 
evident. In this series of complexes 2-picoline-N-oxide is 
again the weakest base instead of one of the strongest 
bases.
When gallium is the central metal atom in the metal 
alkyl, there is no evidence of a steric effect when methyl
groups are the substituents on the metal atom. When
triethylgallium is the metal alkyl, there is definite
evidence of steric interference in the 2-picoline-N-oxide
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T A B L E  X I I I
Change in Proton NMR Chemical Shifts of Protons of R^ML 
Complexes Reference to Uncomplexed R^M (g , ppm;
- = shielded, + = deshielded)
Complex
Me^Al 0 . 0 0 0 0
M e ^ A K P y O ) -0.6821
M e 3Al( 2 -PicO) -0.6995
Me^AlO-PicO) -0.6947
Me^Al(4-PicO) -0.7018










BUgAl 0 . 0 0 0 0
B u ^ AKPyO) -0.5649
B U 3 A 1 (2 -Pic0 ) -0.5525
BUgAlO-PicO) -0.5743
BU3A1(4-Pic0) -0.5875
i—BUgAl 0 . 0 0 0 0
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i-Bu^AKPyO) -0.4782
i-Bu 3Al( 2 -PicO) -0.4731
i-BUgAlfS-PicO) -0.4874
i-Bu3Al(4-PicO) -0.4940
Me^Ga 0 . 0 0 0 0
MeqGa(PyO) -0.5586
M e 2 Ga( 2 -PicO) -0.5901
MSgGafS-PicO) -0.5695
Me^Ga(4-PicO) -0.5842
EtgGa 0 . 0 0 0 0
EtgGafPyO) -0.4938
E t 3 Ga( 2 -PicO) -0.5031
EtgGafS-PicO) -0.5076
Et3Ga(4-PicO) -0.5220
PrsGa 0 . 0 0 0 0
Pr^GafPyO) -0.5206
P r 3 Ga( 2 -PicO) -0.5336
Pr3Ga(3-PicO) -0.5309
Pr3Ga(4-PicO) -0.5446
B u 3Ga 0 . 0 0 0 0
B u 3 Ga(PyO) -0.4968
B u 3 Ga( 2 -PicO) -0.5085
Bu3Ga(3-PicO) -0.5095
B u 3 Ga(4-PicO) -0.5240
i-Bu 3Ga 0 . 0 0 0 0
i-Bu 3 Ga(PyO) -0.5198
i-Bu 3Ga( 2 -PicO) -0.5220














Prain 0 . 0 0 0 0
Pr^InfPyO) -0.4831
Pr 2 %n(2 -PicO) -0.5111
Pr^InO-PicO) -0.4913
Pr2ln(4-PicO) -0.5039
BUgIn 0 . 0 0 0 0
BUglnfPyO) -0.3300
B u 3 ln( 2 -PicO) -0.3618
Bu^InO-PicO) -0.3430
Bu2ln(4-PicO) -0.3563
i-Bu^In 0 . 0 0 0 0
i-BUglnfPyO) —0.5146
i-Bu3 ln( 2 -PicO) -0.5365
i-BUgInC 3-PicO) -0.5270
i-Bu2ln(4-PicO) -0.5398
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complex. The interaction between triethylgallium and
2-picoline-N-oxide is stronger than that between the alkyl 
and pyridine-N-oxide, but it is weaker than the interaction 
between the alkyl and 3-picoline-N-oxide. In the series of 
complexes using tripropylgallium as the metal alkyl, there 
is evidence of a small amount of steric interference in the 
2-picoline-N-oxide complex. The interaction between
tripropylgallium and 2-picoline-N-oxide is slightly stronger 
than that between the alkyl and 3-picoline-N-oxide, and is 
significantly weaker than the interaction with
4-picoline-N-oxide. In the series of complexes using 
tributylgallium as the metal alkyl, there is evidence of 
some steric interference in the 2-picoline-N-oxide complex. 
The interaction between the metal alkyl and
2-picoline-N-oxide is very slightly weaker than that between 
the alkyl and 3-picoline-N-oxide. If there were not steric 
interference, the 2-picoline-N-oxide interaction would be 
expected to be significantly stronger than the
3-picoline-N-oxide interaction. In the series of complexes 
formed by reacting triisobutylgallium with the amine
N-oxides, there is definite evidence of steric interference 
in the 2-picoline-N-oxide complex. The interaction between 
the metal alkyl and 2-picoline-N-oxide is weaker than that 
between the alkyl and 3-picoline-N-oxide, and only slightly 
stronger than the interaction between the alkyl and 
pyridine-N-oxide.
In the series of complexes with indium as the central
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metal atom, there is no evidence of steric interference when 
the alkyl groups are methyl, ethyl, propyl, or butyl. In 
all of these series of complexes, the order of base strength 
is pyridine-N-oxide, 3-, 4-, 2-picoline-N-oxide. In these 
series of complexes with triisobutylindium, there is 
evidence of a small amount of steric interference in the 
2-picoline-N-oxide complex. The interaction between
triisobutylindium and 2-picoline-N-oxide is slightly weaker 
than that between the alkyl and 4-picoline-N-oxide.
From these data it can be seen that there is a 
possibility of steric interference when 2-picoline-N-oxide 
is used as the Lewis base. The possibility of steric 
effects increases as the size of the central metal atom 
decreases. Steric effects are not as evident in the
complexes in which indium (with a covalent radius of 144
picometers) is the central metal atom as they are in
complexes in which aluminum (covalent radius of 118 
picometers) or gallium (covalent radius of 126 picometers) 
is the central metal atom. The size of the alkyl groups on 
the metal atom also appears to affect the degree of steric 
interference in the complexes. There is no evidence of 
steric interference when the alkyl groups are methyl. There 
is steric interference in the complexes formed by the 
reaction of 2-picoline-N-oxide with an aluminum or gallium 
alkyl with ethyl, propyl or butyl groups on the metal atom. 
There is steric interference in all the triisobutyl metal 
alkyl complexes of 2-picoline-N-oxide.
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It should be possible to detect the presence of steric 
interference in a series of complexes formed by reacting a 
given metal alkyl with the four amine N-oxides by plotting 
the chemical shifts of the signals from the metal alkyl 
hydrogens versus the pK^ values. The correlation should be 
good if there is no steric interference or if there is the 
same degree of steric interference in all the complexes, and 
the correlation should be poorer if there is steric
interference in some of the complexes and not in the others.
29The literature pK^ values of 0.66, 1.02, 1.08, and 1.29 
for the conjugate acids of pyridine-N-oxide and 2-, 3-, and
4-picoline-N-oxides were used in plotting the data.
In the complexes formed by reacting trimethylaluminum 
with the amine N-oxides, there is a very good correlation 
between the chemical shifts of the methyl hydrogen signals 
and the pK^ values of the amine N-oxide conjugate acids. 
This indicates there is little if any steric interference in 
this series of complexes. In the triethylaluminum
complexes, the correlation between the chemical shifts of 
the methylene hydrogen signals and the pK^ values of the 
conjugate acids is excellent, and the correlation between 
the chemical shifts of the methyl hydrogen signals and the 
pK^ values is good. This indicates there is no steric
interference in this series of complexes. In the 
tripropylaluminum complexes, the correlation between the 
chemical shifts of the alpha methylene hydrogen signals and 
the pK values of the conjugate acids is good, but the
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FIGURE 2. Metal Alkyl Proton NMR Chemical Shifts versus 
Literature pK^ Values of the Amine N-oxide Conjugate
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TABLE XIV
Slope and Correlation Coefficient of Metal Alkyl Proton NMR 
Chemical Shifts versus Literature pK Values of Amine 
N-oxide Conjugate Acias
Series Protons Slope Correlation
Coefficient
Me^AlL CH 3 -0.0313 -0.93
EtgAlL CH 2 -0.0812 -0.97
CH_ -0.0063 -0.87
Pr^AlL CHgfG) -0.0371 -0. 85
CHgtG) 0.0031 0. 38
CH 3 -0.0071 —0. 45
BUgAlL CHgta) -0.0331 -0.59
CHgfg&Y) -0.0044 -0.32
C H 3 -0.0043 -0 . 61
i-Bu^AlL CH - 0 . 0 0 1 2 -0 . 1 1
C H 2 -0.0241 -0 . 6 8
C H 3 -0 . 0 0 2 0 -0. 29
Me^GaL C H 3 -0.0392 -0. 72
EtgGaL C H 2 -0.0419 -0. 96
C H 3 0.0096 -0.83
Pr^GaL C H 2 (a) -0.0362 -0.96
CHgfg) - 0 . 0 0 2 2 -0.65
C H 3 -0.0014 -0 . 2 2




CHgty) -0.0008 - 0 . 1 0
CH 3 -0.0006 -0.06
i-BUgGaL CH -0.0126 - 0 . 6 8
CH 2 -0.0450 -0.85
C H 3 -0.0060 -0.75
Me^InL CH 3 -0.0296 -0.58
EtglnL CHg -0.0366 -0.75
CH 3 -0.0091 -0.63
Pr^InL CHgta) -0.0317 — 0 . 6 6
CHgfB) -0.0082 -0.40
CH 3 -0.0032 -0.23
BUglnL CHgta) -0.0409 -0.75
CHgtB) -0.0108 -0 . 6 8
CHgtY) -0.0047 -0.42
CH 3 -0.0024 - 0 . 2 0
i-BUglnL CH -0.0092 -0.90
CH 2 -0.0388 -0.90
CH- -0.0193 -0.79
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correlation between the chemical shifts of the beta
methylene and the methyl hydrogen signals and the pK^ values 
is poor. There is little steric interference in this series 
of complexes. In the tributylaluminura complexes, there is a 
fair correlation between the chemical shifts of the alpha 
methylene and the methyl hydrogen signals and the pK^ 
values, and a poor correlation between the chemical shifts 
of the beta and gamma methylene hydrogen signals and the 
pK values. This indicates there is steric interference inQ.
some of the complexes in this series, and no interference, 
or significantly less interference in others. In the 
triisobutylaluminum complexes, there is a fair correlation 
between the chemical shifts of the methylene hydrogen
signals and the pK^ values, and a very poor correlation
between the chemical shifts of the methine and methyl
hydrogen signals and the pK^ values. The correlation
between the chemical shifts of the alpha methylene hydrogen 
signals and the pK^ values is better in the 
triisobutylaluminum complexes than in the tributylaluminum 
complexes. The most probably explanation for this is more 
steric interference in all the triisobutylaluminum 
complexes, which would improve the correlation coefficients. 
From the correlation coefficients, it appears there is a
significant amount of steric interference in only the 
tributylaluminum and triisobutylaluminum complexes, which 
does not agree with what was determined previously. The
chemical shift of the alpha hydrogen signal is the best
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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indicator of base strength.
In the complexes formed by reacting the gallium alkyls 
with the amine N-oxides, the correlation between the 
chemical shifts of the methyl hydrogen signals in the 
trimethylgallium complexes and the pK^ values of the amine 
N-oxide conjugate acids is fair. This would indicate that 
there is steric interference in some of the complexes in 
this series. In the triethylgallium complexes, the
correlation between the chemical shifts of the methyl and 
methylene hydrogen signals and the pK^ values is good. The 
correlation coefficient for the methylene hydrogen signals 
is better than the one for the methyl hydrogen signals. 
There is no evidence of steric interference in these
complexes. In the tripropylgallium complexes, the
correlation between chemical shifts of the alpha methylene 
hydrogen signals and the pK^ values is excellent, that 
between the chemical shifts of the beta methylene hydrogen 
signals and the pK^ values is fair, and that between the 
methyl hydrogen signals and the values is very poor.
There is no evidence of steric interference in these
complexes. In the tributylgallium complexes, there is an 
excellent correlation between the chemical shifts of the 
alpha methylene hydrogen signals and the pK^ values, a fair 
correlation between the chemical shifts of the beta
methylene hydrogen signals and the pK^ values, and 
essentially no correlation between the chemical shifts of 
the gamma methylene and methyl hydrogen signals and the pK^
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values. There is no evidence of steric interference in the 
correlation coefficient of the alpha methylene hydrogen 
signals. In the triisobutylgallium complexes, the
correlation between the chemical shifts of the methylene
hydrogen and the pK^ values is good, and that between the 
chemical shifts of the methine and methyl hydrogen signals 
and the pK^ values is fair. The correlation coefficients 
indicate there is little if any steric interference in these 
complexes. The correlation coefficients indicate there is 
the most steric interference in the complexes with
trimethylgallium, a moderate amount in the complexes with 
triisobutylgallium, and little steric interference in the 
triethylgallium, tripropylgallium, and tributylgallium 
complexes. This contradicts the results determined
previously in this work. The chemical shift of the alpha 
hydrogen signal is the best indicator of base strength.
In the complexes formed by reacting trimethylindium
with the amine N-oxides, the correlation between the 
chemical shifts of the methyl hydrogen signals and the pK^ 
values of the amine N-oxide conjugate acids is poor, 
indicating there is steric interference in some of these 
complexes. In the triethylindium complexes, the correlation 
between the chemical shifts of the methyl and methylene
hydrogen signals and the pK^ values is fair. The 
correlation between the chemical shifts of the methylene
hydrogen signals and the pK^ values is better. The 
correlation coefficient indicates there is a significant
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amount of steric interference in some of these complexes. 
In the tripropylindium complexes, the correlation between 
the chemical shifts of the alpha methylene hydrogen signals 
and the pK^ values is fair, and the correlation between the 
chemical shifts of the methyl and beta methylene hydrogen 
signals and the pK^ values is poor. The correlation
coefficients indicate there is a significant amount of 
steric interference in some of these complexes. In the 
tributylindium complexes, there is a fair correlation 
between the chemical shifts of the alpha and beta methylene 
hydrogen signals and the pK^ values, and the correlation
between the chemical shifts of the gamma methylene and 
methyl hydrogen signals and the pK^ values is poor. The 
correlation coefficients indicate there is less steric 
interference in these complexes than in the tripropylindium 
complexes. In the triisobutylindium complexes, there is a 
good correlation between the chemical shifts of the alkyl 
hydrogen signals and the pK^ values. The correlation
coefficients are better in these complexes than in the 
indium alkyl complexes, possibly because the isobutyl groups 
are large enough to cause steric interference in every 
complex. In the indium alkyl complexes, the correlation 
coefficients of the alpha hydrogen chemical shifts versus 
the pK^ values show there is the greatest amount of steric 
interference in the trimethylindium complexes, with slightly 
less in the tripropylindium complexes, smaller and 
approximately equal amounts in the triethylindium and
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tributylindium complexes, and the triisobutylindium 
complexes having the smallest amount of steric interference. 
This does not agree with the previous determination by the 
comparison of the alpha hydrogen chemical shifts in these 
complexes. The chemical shift of the alpha hydrogen signal 
is the best indicator of base strength.
The correlation coefficients sometimes indicate a 
significant amount of steric interference where little would 
be expected, and sometimes indicate there is little steric 
interference where a significant amount would be expected.
A very good correlation coefficient may also indicate there 
is approximately the same degree of steric interference in 
each member of a series of complexes, but this is unlikely. 
In the complexes with the aluminum alkyls, the presence or 
absence of steric interference as indicated by the 
correlation coefficients seems reasonable. The presence or 
absence of steric interference in the gallium and indium
complexes based on the correlation coefficients does not 
seem reasonable. In the complexes of the amine N-oxides
with the gallium alkyls, the correlation coefficients
indicated the trimethylgallium complexes have the most 
steric interference, the triethylgallium, tripropylgallium, 
and tributylgallium complexes have very little, and there is 
a small amount in the triisobutylgallium complexes. In the 
complexes with the indium alkyls, the correlation 
coefficients indicate the trimethylindium complexes have the 
most steric interference, the tripropylindium complexes have
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less, the triethylindium and tributylindium complexes have 
even less, and the triisobutylindium complexes have the 
least steric interference. This order does not seem 
entirely reasonable, since the metal alkyls with the larger 
alkyl groups, which would be expected to have more steric 
interference, have less steric interference than metal 
alkyls with small alkyl groups.
The most likely cause of these results is an incorrect 
pK^ value for the conjugate acid of 2-picoline-N-oxide• The 
values of the pK^'s of the amine N-oxide conjugate acids
were determined by an ultraviolet spectroscopic method in 
aqueous solution, and there is the possibility of steric 
interference between the hydrated proton and the methyl 
group of 2-picoline-N-oxide, which would lead to an
incorrect pK^ value. The pK^ values of the 2- and 
4-picoline-N-oxide conjugate acids are similar, and judging 
from the NMR data of complexes where there should be little 
steric interference, the pK^ values of the conjugate acids
of 2- and 4-picoline-N-oxide should be similar. The
chemical shift data of the alkyl hydrogen signals were 
plotted versus the pK^ values of the amine N-oxide conjugate 
acids, with the literature pK^ values used for 
pyridine-N-oxide and 3- and 4-picoline-N-oxides and the pK^ 
of the 2-picoline-N-oxide conjugate acid assumed to be equal 
to that of the conjugate acid of 4-picoline-N-oxide. The 
true value of the pK^ of the 2-picoline-N-oxide conjugate 
acid is probably within 0.05 pK units of the pK^ of the
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FIGURE 3. Metal Alkyl Proton NMR Chemical Shifts versus 
pK^ Values of the Amine N-oxide Conjugate Acids with 
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TABLE XV
Slope and Correlation Coefficient of Metal Alkyl Proton NMR 
Chemical Shifts versus pK Values of Amine N-oxide 
Conjugate Acids with pK of 2-picoline-N-oxide Assumed 
Equal to pK of 4-picoline-N-oxide
Series Protons Slope Correlation
Coefficient
Me^AlL CH 3 -0.0294 -0.99
EtgAlL CHg -0.0652 -0.89
C H 3 -0.0040 -0.63
Pr^AlL CHgfa) -0.0333 -0 . 8 6
-0.0003 0.04
CH 3 -0.0108 -0.77
BUgAlL CHgfa) -0.0081 -0.16
CHgfB&Y) -0.0017 -0.14
C H 3 -0.0052 -0.83
i-BUgAlL CH -0.0033 -0.34
CH 2 -0.0085 -0.27
CH 3 -0.0006 -0 . 1 0
Me^GaL CH 3 -0.0453 -0.94
EtgGaL -0.0298 -0.75
C H 3 -0.0049 -0.48
P r^GaL CHgfa) -0.0294 —0 . 8 8
-0.0026 -0 . 8 8
C H 3 -0.0013 -0. 24
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B u ^GclL CHgfa) -0.0309 -0.82
CHgCB) -0.0054 -0.39
CHgfy) -0.0035 -0.54
CH 3 -0.0048 -0.50
i-Bu^GaL CH -0.0046 -0.28
C H 2 -0.0258 -0.55
C H 3 -0.0033 -0.46
Me^InL C H 3 -0.0399 -0 . 8 8
Et^InL C H 2 -0.0406 -0.95
CH 3 -0.0106 -0.83
Pr^InL C H 2 (a) -0.0387 -0.92
C H 2 (3) - 0 . 0 1 2 2 -0. 67
C H 3 -0.0071 -0.58
Bu^InL CH^ta) -0.0461 -0.96
0 8 2 (3 ) -0.0125 -0.89
C H 2 (y) -0.0077 -0.77
CH 3 -0.0061 -0.59
i-Bu^InL CH -0.0089 -0.94
CH 2 -0.0374 -0. 98
CH, -0.0152 -0.70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 8
conjugate acid of 4-picoline-N-oxide, while the literature 
value of the pK^ of the 2-picoline-N-oxide is probably in 
error by at least 0.25 pK unit.
In the complexes formed by the aluminum alkyls with the 
amine N-oxides, the relation between the chemical shifts of 
the methyl hydrogen signals in the trimethylaluminum 
complexes and the amine N-oxide conjugate acid pK values is 
excellent, showing there is no steric interference in these 
complexes. In the triethylaluminum complexes, the
correlation between the chemical shift of the methylene 
hydrogen signals and the pK^ values is good, and that 
between the chemical shifts of the methyl hydrogen signals 
and the pK^ values is fair. If there is any steric
interference present in these complexes, it is a small 
amount. In the tripropylaluminum complexes, the correlation 
between the chemical shifts of the alpha methylene hydrogen 
signals and the pK^ values is good, that between the 
chemical shifts of the methyl hydrogen signals and the pK^ 
values is fair, and there is essentially no correlation 
between the chemical shifts of the beta methylene hydrogen 
signals and the pK^ values. The correlation coefficients 
show there is probably a small amount of steric interference 
in some of these complexes. In the tributylaluminum 
complexes the correlation between chemical shifts of the 
alpha, beta, and gamma methylene hydrogen signals and the 
pK^ values is poor, while there is good correlation between 
the chemical shifts of the methyl hydrogen signals and the
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pK^ values. The correlation coefficients indicate there is 
a great deal of steric interference in some of the complexes 
in this series. In the triisobutylaluminum complexes, the 
correlation between chemical shifts of the alkyl group 
hydrogen signals and the pK^ values is poor. The 
correlation coefficients indicate there is a significant 
amount of steric interference in these complexes, but they 
are generally better than in the tributylaluminum complexes. 
This can be explained by the presence of more steric 
interference in all the complexes of triisobutylaluminum. 
In these complexes, the amount of steric interference 
increases as the size of the alkyl groups on the metal atoms 
increases. The chemical shift of the alpha hydrogen signal 
is the best indicator of base strength.
In the complexes formed by the reaction of the gallium 
alkyls and the amine N-oxides, there is a very good 
correlation between the chemical shifts of the methyl 
hydrogen signals of the trimethylgallium complexes and the 
pK^ values of the amine N-oxide conjugate acids. There is 
no evidence of steric interference in these complexes. In 
the triethylgallium complexes, there is a fair correlation 
between the chemical shifts of the methylene hydrogen 
signals and the pK^ values, and a poor correlation between 
the chemical shifts of the methyl hydrogen signals and the 
pK values. The correlation coefficients indicate there is 
a significant amount of steric interference in some of the 
complexes. In the tripropylgallium complexes, there is a
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good correlation between the chemical shifts of the alpha 
and beta methylene hydrogen signals and the pK values, and 
a poor correlation between the chemical shifts of the methyl 
hydrogen signals and the pK^ values. The correlation 
coefficients indicate there is less steric interference in 
these complexes than in the triethylgallium complexes. In 
the tributylgallium complexes, there is a good correlation 
between the chemical shifts of the alpha methylene hydrogen 
signals and the pK^ values, and a poor correlation between 
the chemical shifts of the beta and gamma methylene and the 
methyl hydrogen signals. The correlation coefficients 
indicate there is more steric interference in these 
complexes than in the tripropylgallium complexes. In the 
triisobutylgallium complexes, the correlation between the 
chemical shifts of the alkyl hydrogen signals and the pK^ 
values is poor. There is more steric interference in these 
complexes than in the other gallium alkyl complexes, based 
on the correlation coefficients. In the gallium alkyl 
complexes, the amount of steric interference increases as 
the size of the alkyl group increases, as would be 
predicted. The chemical shift of the alpha hydrogen signal 
is the best indicator of base strength.
In the complexes formed by reacting the amine N-oxides 
with the indium alkyls, there is a good correlation between 
the chemical shifts of the methyl hydrogen signals and the 
pK values of the amine N-oxide conjugate acids in the 
trimethylindium complexes. The correlation coefficient
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indicates there is little steric interference in these 
complexes. In the triethylindium complexes, there is a very 
good correlation between the chemical shifts of the 
methylene hydrogen signals and the pK^ values, and a good 
correlation between the chemical shifts of the methyl 
hydrogen signals and the pK^ values. The correlation 
coefficients show there is very little steric interference 
in these complexes. In the tripropylgallium complexes, the 
correlation between the chemical shifts of the alpha 
methylene hydrogen signals and the pK^ values is good, and 
the correlation between the chemical shifts of the beta 
methylene and methyl hydrogen signals and the pK^ values is 
fair. The correlation coefficients give no indication of 
any significant steric interference in these complexes. In 
the tributylindium complexes, the correlation between the 
chemical shifts of the alpha methylene hydrogen signals and 
the pK^ values is excellent, the correlation between the 
chemical shifts of the beta and gamma methylene hydrogen 
signals and the pK^ values is good, and the correlation 
between the methyl hydrogen signal chemical shifts and the 
pK^ values is poor. The correlation coefficients indicate 
there is little steric interference in these complexes. In 
the triisobutylindium complexes the correlation between the 
chemical shifts of the methylene and methine hydrogen 
signals and the pK^ values is very good, while the 
correlation between the chemical shifts of the methyl 
hydrogen signals and the pK^ values is fair. The
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correlation coefficients indicate there is very little 
steric interference in these complexes. In the indium alkyl 
complexes, the correlation coefficients of the chemical 
shifts of the alkyl group hydrogen signals versus the pK^ 
values of the amine N-oxide conjugate acids show no evidence 
of a high degree of steric interference in any of the 
complexes, which agrees with the earlier determination of 
the absence of a large amount of steric interference in 
these complexes. The alpha hydrogen signal chemical shift 
is always the best indicator of base strength.
The second set of plots shows that steric interference 
is most likely to be important in a metal alkyl in which 
there is a small central metal atom and the alkyl groups are 
large. This is the result which would be expected, and 
agrees with the earlier determination of the amount of 
steric interference in a series of complexes. This supports 
the idea that the value reported for the pK^ of the 
conjugate acid of 2-picoline-N-oxide is significantly lower 
than the true value.
By comparing the chemical shifts of the hydrogen atoms 
of the ligands, it is possible to determine which metal 
alkyls are acting as the strongest Lewis acids. Those 
alkyls which are strong acids will cause a greater change in 
the chemical shifts than those which are weaker acids. When 
the chemical shifts of the ligand hydrogen atoms of the 
aluminum alkyl complexes of pyridine-N-oxide are compared, 
it is seen that in all the complexes the signals from all
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the hydrogen atoms in the ligand are shifted downfield. The 
signals show the largest downfield shifts in the
trimethylaluminum complex. The tributylaluminum complex has 
the next largest downfield shifts, followed in order by the 
triethylaluminum, triisobutylaluminum, and tripropylaluminum 
complexes. The acid strength of the metal alkyl decreases 
going from methyl to ethyl to propyl as the substituent on 
the aluminum atom, then increases on going to isobutyl, and 
decreases again on going to isobutyl. One possible 
explanation for this order of acid strength is competition 
between steric hindrance weakening the interaction and
delocalization of the negative charge on the alpha carbon 
atoms throughout the alkyl groups strengthening the 
interaction. There is obviously no possibility of this type 
of charge delocalization in trimethylaluminum. The ability 
of the straight chain alkyl groups to delocalize negative 
charge increases in the order ethyl., propyl, butyl. The
isobutyl group should be the most effective in charge
delocalization The steric requirements of the alkyl groups 
increase in the order methyl., ethyl, propyl, butyl, 
isobutyl. On going from trimethylaluminum to
triethylaluminum to tripropylaluminum both the ability to 
delocalize negative charge and the steric requirements of 
the alkyl groups are increasing, and the increase in size of 
the alkyl group seems to be most important in determining 
acid strength. On going to tributylaluminum from
tripropylaluminum, there is an increase in acid strength.
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The steric requirements for the propyl group and the butyl 
group are similar, but the butyl group should be able to 
delocalize negative charge more effectively, and this leads 
to an increase in acid strength. The isobutyl group has the 
greatest ability to delocalize negative charge, but the 
steric requirement for this group is also greatest. These 
factors combine to cause a decrease in acid strength in 
going from tributylaluminum to triisobutylaluminum.
In the complexes formed by the reaction of the aluminum 
alkyl with 2-picoline-N-oxide, a difference order of Lewis 
acid strength is found. In this series of complexes, 
triethylaluminum is found to be the strongest acid. The 
other aluminum alkyls decrease in acid strength in the order 
tripropylaluminum, tributylaluminum, triisobutylaluminum, 
trimethylaluminum. Trimethylaluminum is the weakest acid 
because all the negative charge resides on the three alpha
carbons. The order of the acid strengths of the other
aluminum alkyls can be explained by the increasing size of 
the alkyl groups. 2-picoline-N-oxide is the ligand most 
likely to have steric interference with the alkyl groups on 
the metal because of the methyl group alpha to the N-oxide 
group. As the size of the alkyl group on the metal
increases the probability of steric interference also
increases. For the alkyl groups which can delocalize 
negative charge, an increase in the size of the alkyl groups 
leads to a decrease in the acid strength of the metal alkyl. 
In this series of complexes the steric interactions play an
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T A B L E  X V I
Ligand Proton NMR Chemical Shifts of R^AlfPyO) Complexes
Complex « 2 ^3 «4
PyO 8.2356 7.3131 7.3131
Me^Al(PyO) 8.4896 7.6552 7.8867
EtgAlfPyO) 8.4468 7.5845 7.7716
Pr^AKPyO) 8.4172 7.5639 7.7555
BUgAl(PyO) 8.4324 7.6227 7.8508
i-Bu^AKPyO) 8.4252 7.5744 7.7591
Ligand Proton NMR Chemical Shifts of R 2 A 1 (2 -Pic0 ) Complexes
Complex CH 3 %3 %4 «5 « 6
2 -PicO 2.5269 7.1841 . 7.2596 7.1841 8.2679
Me 2A l ( 2 -PicO) 2.6340 7.4463 7.5792 7.3749 8.4483
Et 2Al ( 2 -PicO) 2.6775 7.5083 7.7019 7.4423 8.4439
Pr 3 Al( 2 -PicO) 2.6526 7.4982 7.6917 7.4304 8.4446
BU 2A 1 (2 -Pic0 ) 2.6559 7.4728 7.6769 7.4101 8.4400
i-Bu 3 Al( 2 -PicO) 2.6467 7.4612 7.6592 7.4043 8.5056
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Ligand Proton NMR Chemical Shifts of R.3Al(3-PicO) Complexes
Complex CH 3 ^ 2 , 6 %4 %5
3 -PicO 2.3248 8.0835 7.1363 7.2162
Me^AlO-PicO) 2.4512 8.2534 7.5595 7.4441
Et^AlO-PicO) 2.4733 8.2475 7.6624 7.5122
Pr^AlfS-PicO) 2.4351 8.2345 7.5462 7.4222
Bu^AlO-PicO) 2.4597 8 . 2 4 8 3 7.6290 7.4752
i-Bu^AlO-PicO) 2.4580 8.2483 7.5439 7.4577
Ligand Proton NMR Chemical Shifts of R3Al(4-PicO) Complexes
Complex CH 3 % 2 %3
4-PicO 2.3577 8.1086 7.0922
Me3Al(4-PicO) 2.4712 8.2939 7.2939
Et3Al(4-PicO) 2 . 5 1 4 6 8.2775 7 . 3 4 8 6
Pr3Al(4-PicO) 2.4958 8.2572 7.3434
B U 3 A 1( 4 - P i c 0 ) 2.5201 8.2628 7 . 3 8 3 6
i-Bu^Al(4-PicO) 2.4934 8.2574 7.3296
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T A B L E  X V I I
Change in Ligand Proton NMR Chemical Shifts of R^Al 
Reference to Uncomplexed Ligand (S, ppm;
- = shielded, + = deshielded)
Complex « 2 «4
PyO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me_Al(PyO) 0.2 540 0.3421 0.5736
Et-Al(PyO) 0 . 2 1 1 2 0.2714 0.4585
Pr^Al(PyO) 0.1816 0.2508 0.4424
BUgAl(P y O ) 0.1968 0.3096 0.5377
i-BUoAKPyO) 0.1896 0.2613 0.4460
Complex CH 3 %3 %4 «5 % 6
2-PicO 0 . 0 0 0 0 0 . 0 0 0 0 0.0000 0 . 0 0 0 0 0 . 0 0 0 0
Me 3 Al( 2 -PicO) 0.1071 0.2622 0.3196 0.1908 0.1804
Et 3Al( 2 -PicO) 0.1506 0.3242 0.4423 0.2582 0.1760
Pr 3 Al( 2 -PicO) 0.1257 0.3141 0.4321 0.2463 0.1767
BU 3A 1 (2 -Pic0 ) 0.1290 0.2887 0.4173 0.2260 0.1721
i-Bu 3Al( 2 -PicO) 0.1198 0.2771 0.3996 0.2202 0.2377
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Complex CH 3 " 2 , 6 %4 »5
3-PicO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me^Al(3-PicO) 0.1264 0.1699 0.4232 0.2279
EtgAlfS-PicO) 0.1485 0.1640 0.5261 0.2960
Pr^AlO-PicO) 0.1031 0.1510 0.4099 0.2060
Bu^AlO-PicO) 0.1349 0.1648 0.4927 0.2590
i-BUgAlO-PicO) 0.1331 0.1648 0.4076 0.2415
Complex CH 3 « 2 %3
4-PicO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me3Al(4-Pic0) 0.1135 0.1485 0.2017
Et3Al(4-PicO) 0.1569 0.1689 0.2924
Pr3Al(4-Pic0) 0.1381 0.1486 0.2512
BU3A1{4-Pic0) 0.1624 0.1542 0.2914
i-Bu3Al(4-PicO) 0.1357 0.1488 0.2374
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important role in determining Lewis acid strength-
In the series of complexes of aluminum alkyls with
3-picoline-N-oxide, triethylaluminum is the strongest acid. 
The other metal alkyls decrease in acid strength in the 
order tributylaluminum, trimethylaluminum, and
triisobutylaluminum, tripropylaluminum. It is difficult to 
determine a relative order of strength for trimethylaluminum 
and triisobutylaluminum from the hydrogen NMR chemical 
shifts. The , H^, and hydrogen signals are shifted
more downfield in the trimethylaluminum complex than they 
are in the triisobutylaluminum complex, while the methyl and 
signals are shifted farther downfield in the 
triisobutylaluminum complex than in the trimethylaluminum 
complex. The signal from hydrogen shows the greatest 
change in chemical shift in all the complexes, indicating it 
should be the best indicator of acid strength. On this 
basis, trimethylaluminum can be considered to be a slightly 
stronger acid than triisobutylaluminum. Both alkyls are 
definitely weaker acids than triethylaluminum and stronger 
acids than tripropylaluminum. This order can be explained 
by the competing steric and charge delocalization effects. 
The ethyl groups in triethylaluminum can delocalize negative 
charge on the alpha carbon, so triethylaluminum is a 
stronger acid than trimethylaluminum even though its steric 
requirements are greater. The propyl group can delocalize 
the negative charge more effectively than the ethyl group, 
but the propyl group's steric requirements are greater and
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tripropylaluminum is a weaker acid than triethylaluminum. 
The butyl group can delocalize charge on the alpha carbon 
better than the propyl group without increasing steric 
requirements a great deal, while the isobutyl group can 
delocalize charge more effectively but with a significant 
increase in steric requirements. Because of these factors, 
tributylaluminum is a stronger acid than tripropylaluminum, 
but triisobutylaluminum is a weaker acid than 
tripropylaluminum.
In the series of complexes of the aluminum alkyls with 
4-picoline-N-oxide, triethylaluminum is found to be the 
strongest Lewis acid. The order of acid strength of the 
other metal alkyls arranged in order of decreasing acid 
strength is tributylaluminum, tripropylaluminum,
triisobutylaluminum, and trimethylaluminum.
Trimethylaluminum is unable to delocalize negative charge on 
the alpha carbon atoms, so it is the weakest Lewis acid. 
Triethylaluminum can delocalize some negative charge on the 
alpha carbon atoms onto the beta carbon atoms, and this more 
than compensates for the increase in steric hindrance in 
going from methyl to ethyl groups on the aluminum atom, so 
triethylaluminum is a stronger acid that trimethylaluminum. 
The increase in steric requirements of the propyl group more 
than offsets the increase ability to delocalize negative 
charge on the alpha carbons, so tripropylaluminum is a 
weaker acid than triethylaluminum. The butyl group can 
delocalize negative charge more effectively than the propyl
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group without a large increase in steric hindrance, so
tributylaluminum is a stronger acid than tripropylaluminum. 
The isobutyl group is the most effective in the
delocalization of negative charge on the alpha carbons, but 
is also the bulkiest group. Because of this,
triisobutylaluminum is one of the weaker acids in this 
series.
In the series of gallium alkyl complexes with 
pyridine-N-oxide, trimethylgallium is found to be the 
strongest Lewis acid. The acid strength of the other 
gallium alkyls decreases in the order tripropylgallium, 
triisobutylgallium, triethylgallium, and tributylgallium. 
Trimethylgallium cannot delocalize negative charge on the
alpha carbons, but it has the smallest amount of steric
hindrance, and is the strongest Lewis acid. Triethylgallium 
can delocalize negative charge on the alpha carbons onto the 
beta carbon atoms, but the steric requirements of the ethyl 
groups are larger than those of the methyl group, and 
triethylgallium is a weaker lewis acid than 
trimethylgallium. In tripropylgallium the steric
requirements of the alkyl groups are larger, but the ability 
to delocalize negative charge is increased, and the net 
effect is an increase in Lewis acid strength. In 
tributylgallium, there is an increase in the ability to 
delocalize negative charge, but there is also an increase in 
the steric requirements of the alkyl groups, and the net 
effect is a decrease in Lewis acid strength.
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T A B L E  X V I I I
Ligand Proton NMR Chemical Shifts of RgGa(PyO) Complexes
Complex « 2 «3 %4
PyO 8.2356 7.3131 7.3131
Me^Ga(PyO) 8.3376 7.5387 7.7230
E t 3 Ga(PyO) 8.3250 7.4778 7.6005
PrgGafPyO) 8.3284 7.4973 7.6595
BUgGa(PyO) 8.3148 7.5009 7.6706
i-Bu 2Ga(PyO) 8.3260 7.4985 7.6555
Ligand Proton NMR Chemical Shifts of RgGa(2-PicO) Complexes
Complex CH 3 «3 %4 %5 « 6
2-PicO 2.5269 7.1841 7.2596 7.1841 8.2679
M e 2 Ga( 2 -PicO) 2.6038 7.4452 7.5955 7.3722 8.3296
Et 3 Ga( 2 -PicO) 2.5847 7.3841 7.4803 7.3159 8  3454
Pr 3 Ga( 2 -PicO) 2.6019 7.3943 7.5366 7.3400 8.3534
Bu 2 Ga( 2 -PicO) 2 5905 7.3896 7.5299 7.3307 8.3190
i-BUgGa(2-PicO) 2.5684 7.3852 7.5004 7.3182 8.3771
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Ligand Proton NMR Chemical Shifts of RgGafO-PicO) Complexes
Complex CH 3 ^ 2 , 6 «4 «5
3-PicO 2.3248 8.0835 7.1363 7.2162
M e ^Ga(3-PicO) 2.4294 8.1617 7.5017 7.3920
EtgGafS-PicO) 2.3999 8.1565 7.4260 7.3592
Pr2Ga(3-PicO) 2.4193 8.1584 7.4620 7.3618
Bu^GaO-PicO) 2.4091 8.1486 7.4607 7.3542
i-BUgGa(3-PicO) 2.4103 8.1470 7.4560 7.3625
Ligand Proton NMR Chemical Shifts of R.3Ga(4-PicO) Complexes
Complex CH 3 « 2 «3
4-PicO 2.3577 8.1086 7.0922
Me^Ga(4-PicO) 2.4782 8.1920 7.2936
Et3Ga(4-PicO) 2.4485 8.1794 7.2612
Pr3Ga{4-PicO) 2.4622 8.1784 7.2626
Bu 3 Ga(4-PicO) 2.4573 8.1634 7.2635
i-Bu3Ga(4-PicO) 2.4663 8.1692 7.2773
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Change in Ligand Proton NMR Chemical Shifts of R^Ga 
Reference to Uncomplexed Ligand (5, ppm;
shielded, + = deshielded)
Complex " 2 H 3 %4
PyO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me^Ga(PyO) 0.1929 0.2256 0.4099
Et^Ga(PyO) 0.0894 0.1647 0.2874
PrgGafPyO) 0.0928 0.1842 0.3564
Bu^Ga(PyO) 0.0332 0.1189 0.2389
i-BUgGa(PyO) 0.0904 0.1854 0.3424
Complex CH 3 «3 »4 %5 % 6
2-PicO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me 3 Ga( 2 -PicO) 0.0769 0.2611 0.3359 0.1881 0.0617
Et 3Ga( 2 -PicO) 0.0578 0 . 2 0 0 0 0.2207 0.1318 0.0775
Pr^Ga(2-PicO) 0.0750 0 . 2 1 0 1 0.2770 0.1559 0.0855
Bu 3 Ga( 2 -PicO) 0.0636 0.2055 0.2703 0.1466 0.0511
i-BUgGa(2-PicO) 0.0415 0 . 2 0 1 1 0.2408 0.1341 0.1092
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Complex CH 3 ^ 2 , 6 «4 «5
3-PicO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me-GatS-PicO) 0.1046 0.0782 0.3654 0.1758
Et3Ga(3-PicO) 0.0751 0.0730 0.2897 0.1430
Pr3Ga{3-PicO) 0.0945 0.0749 0.3257 0.1456
Bu3Ga(3-PicO) 0.0843 0.0651 0.3244 0.1380
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Triisobutylgallium has the bulkiest alkyl groups, but these 
groups are the most effective at delocalizing negative 
charge on the alpha carbons, which results in an increase in 
Lewis acid strength compared to tributylgallium.
In the series of gallium alkyl complexes with 
2-picoline-N-oxide, trimethylgallium is the strongest Lewis 
acid. The order of strength of other gallium alkyls 
arranged in order of decreasing Lewis acid strength is 
tripropylgallium, tributylgallium approximately equal to 
triisobutylgallium, and triethylgallium. This order can be 
explained by considering the effects of charge 
delocalization and steric hindrance. Trimethylgallium 
cannot delocalize negative charge on the alpha carbons, but 
the methyl groups have the smallest steric requirements, so 
trimethylgallium is the strongest Lewis acid. The ethyl 
groups in triethylgallium can delocalize some negative 
charge on the alpha carbons onto the beta carbons, but the 
ethyl groups are also bulkier than the methyl groups. The 
net effect is triethylgallium is a weaker acid than 
trimethylgallium. Tripropylgallium has larger alkyl groups 
than triethylgallium, but the propyl groups can delocalize 
negative charge more effectively, and the net effect is an 
increase in the Lewis acid strength on going to 
tripropylgallium from triethylgallium. The butyl groups can 
delocalize negative charge more effectively than the propyl 
groups, but they are also larger, and the net effect is a 
decrease in Lewis acid strength. The isobutyl groups are
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the most effective at delocalizing negative charge, but they 
are also the bulkiest, and the net effect is 
triisobutylgallium is a weaker lewis acid than 
tributylgallium.
In the series of complexes formed by the reaction of 
gallium alkyls with 3-picoline-N-oxide, trimethylgallium is 
found to the strongest Lewis acid. The rest of the alkyls 
decrease in Lewis acid strength in the order 
tripropylgallium, triisobutylgallium, and triethylgallium 
and tributylgallium approximately equal in acid strength. 
The effects of delocalization of negative charge on the 
alpha carbons and steric factors can be used to explain this 
order. Trimethylgallium cannot delocalize negative charge 
on the alpha carbons, but the methyl groups are the 
smallest, and the net result is trimethylgallium is the 
strongest Lewis acid. The ethyl groups in triethylgallium 
can delocalize negative charge on the alpha carbons onto the 
beta carbons, but the ethyl groups also have greater steric 
requirements than the methyl groups, and the increase in 
alkyl group size weakens the bond more than the increase in 
charge delocalization strengthens it. In tripropylgallium, 
the increase in the ability to delocalize negative charge on 
the alpha carbons appears to have a greater effect on acid 
strength than the increase in size of the alkyl groups, so 
tripropylgallium is a stronger Lewis acid than 
triethylgallium. In tributylgallium, the ability to
delocalize negative charge on the alpha carbon atoms is
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increased, but the net size of the alkyl groups is also 
increased. In this case, the net effect is tributylgallium 
is a weaker Lewis acid than tripropylgallium. In the case 
of triisobutylgallium, the isobutyl groups have the largest 
steric requirements, but they are also the most effective at 
delocalizing negative charge. This causes
triisobutylgallium to be a stronger Lewis acid than 
tributylgalli u m .
In the series of complexes formed by reacting the 
gallium alkyls with 4-picoline-N-oxide trimethylgallium is 
the strongest Lewis acid. The other alkyls decrease in 
Lewis acid strength in the order triisobutylgallium, 
tripropylgallium, triethylgallium, and tributylgallium. The 
methyl groups in trimethylgallium cannot delocalize negative 
charge on the alpha carbons, but the methyl groups are the 
smallest alkyl groups, and this causes trimethylgallium to 
be the strongest Lewis acid. The ethyl groups in 
triethylgallium can delocalize negative charge on the alpha 
carbons, but the increase in alkyl group size is more 
significant in this case, and triethylgallium is a weaker 
Lewis acid than trimethylgallium. In tripropylgallium, the 
alkyl groups have increased steric requirements, but the 
ability to delocalize negative charge on the alpha carbons 
is also increased, with the result being tripropylgallium is 
a stronger Lewis acid than triethylgallium. In the case of 
tributylgallium, the ability to delocalize negative charge 
on the alpha carbons increases, but the steric requirements
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of the alkyl groups also increase, and tributylgallium is a 
weaker Lewis acid than tripropylgallium. The isobutyl 
groups have the largest steric requirements and also have 
the greatest ability to delocalize negative charge on the 
alpha carbons. This results in triisobutylgallium being a 
stronger Lewis acid than tributylgallium.
In the series of complexes formed by reacting the 
indium alkyls with pyridine-N-oxide, trimethylindium is the 
strongest Lewis acid. The other alkyls decrease in acid 
strength in the order tributylindium, triethylindium, 
tripropylindium and triisobutylindium. The methyl groups 
on trimethylindium cannot delocalize negative charge on the 
alpha carbons, but the methyl groups also have the smallest 
steric requirements, and this allows trimethylindium to be 
the strongest Lewis acid. The ethyl groups in
triethylindium can delocalize negative charge on the alpha 
carbons, but the steric requirements of the ethyl groups are 
greater than those of the methyl groups, and the net effect 
is triethylindium is a weaker Lewis acid than 
trimethylindium. The propyl groups in tripropylindium can 
delocalize negative charge on the alpha carbons more 
effectively than the ethyl groups, but the increase in 
steric requirements causes tripropylindium to be a weaker 
Lewis acid than triethylindium. In tributylindium, the 
ability to delocalize negative charge on the alpha carbons 
is increased, and the increase in the steric requirements of 
the butyl groups is not large enough to offset the increase
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T A B L E  X X
Ligand Proton NMR Chemical Shifts of Rgln(PyO) Complexes
Complex % 2 «3 «4
PyO 8.2356 7.3131 7.3131
Me^InCPyO) 8.2908 7.5420 7.7075
EtjlnfPyO) 8.2839 7.4590 7.5842
Pr^InCPyO) 8.2688 7.4320 7.5552
BUglnfPyO) 8.2952 7.5017 7.6599
i-BUgln(PyO) 8.2662 7.4210 7.5303
Ligand Proton NMR Chemical Shifts of Rgln(2-Pic0) Complexes
Complex C H 3 «3 »4 «5 % 6
2 -PicO 2 . 5 2 6 9 7.1841 7.2596 7.1841 8.2679
Me^InC 2-PicO) 2.5668 7.3982 7.5053 7.3200 8.2587
Et 3 ln( 2 -PicO) 2.5759 7.3874 7.4862 7.3106 8.2680
Pr 3 ln( 2 -PicO) 2.5591 7.3697 7.4513 7.2874 8.2872
Bu 3 ln( 2 -PicO) 2.5909 7.4062 7.45406 7.3473 8.3180
i-Bu 3 ln(2 -PicO) 2.5461 7 .3 5 94 7.4303 7.2746 8.2824
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Ligand Proton NMR Chemical Shifts of RjInfS-PicO) Complexes
Complex CH 3 "2,6 «4 «5
3 -PicO 2.3248 8.0835 7.1363 7.2162
M e^InO -PicO) 2.4189 8.1164 7.5115 7.4150
E t^InO-PicO) 2.3969 8.1016 7.4050 7.3363
Pr^InO-PicO) 2.3713 8.1474 7.3685 7.3042
Bu^IntS-PicO) 2.4171 8.1520 7.4559 7.3818
i-Bu^InCS-PicO) 2 3 884 8.0957 7.3735 7.3101
Ligand Proton NMR Chemical Shifts of R 3 ln(4-PicO) Complexes
Complex CH 3 « 2 »3
4-PicO 2.3577 8.1086 7.0922
Me3%n(4-PicO) 2.4567 8.1432 7.2786
Et3%n(4-PicO) 2.4489 8.1378 7.2591
Pr3%n(4-PicO) 2.4377 8.1560 7.2363
Bu2ln(4-PicO) 2.4685 8.1646 7.2836
i-Bu3%n(4-PicO) 2.4313 8.1355 7.2188
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T A B L E  X X I
Change in Ligand Proton NMR Chemical Shifts of R^In 
Reference to Uncomplexed Ligand (5, ppm;
shielded, + = deshielded)
Complex % 2 «3 «4
PyO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me^In(P y O ) 0.0552 0.2289 0.3944
EtglnfPyO) 0.0483 0.1459 0.2711
Pr^InfPyO) 0.0332 0.1189 0.2389
BUgIn(PyO) 0.0596 0.1886 0.3468
i-BUgln(PyO) 0.0306 0.1079 0.2172
Complex CH 3 «3 «4 «5 % 6
2-PicO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Megln(2-PicO) 0.0399 0.2141 0.2457 0.1359 -0.0092
Et 3 ln( 2 -PicO) 0.0490 0.2033 0.2266 0.1265 0 . 0 0 0 1
Pr 3 ln( 2 -PicO) 0.0322 0.1856 0.1917 0.1013 0.0193
Bu^In(2-PicO) 0.0640 0 . 2 2 2 1 0.2810 0.1633 0.0461
i-Bu 3 ln( 2 -PicO) 0.0192 0.1753 0.1707 0.0905 0.0145
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Complex CH 3 « 2 , 6 «4 «5
3 -PicO 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
Me^InC 3-PicO) 0.0941 0.0329 0.3752 0.1988
Et2ln(3-PicO) 0.0721 0.0181 0.2687 0 . 1 2 0 1
Pr3ln(3-PicO) 0.0465 0.0639 0.2322 0.0880
B u ^In(3-PicO) 0.0923 0.0685 0.3196 0.1656
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in acid strength due to increased charge delocalization. 
The net effect is tributylindium is a stronger Lewis acid 
than tripropylindium. The isobutyl groups are the most 
effective at delocalizing negative charge on the alpha 
carbons, but they are also the bulkiest alkyl groups. This 
causes triisobutylindium to be a weaker Lewis acid than 
tributylindium.
In the series of complexes formed by reacting
2 — picoline-N-oxide with the indium alkyls, tributylindium 
is the strongest Lewis acid. The other alkyls decrease in 
Lewis acid strength in the order trimethylindium, 
triethylindium, tripropylindium, and triisobutylindium. The 
competition between steric requirements and delocalization 
of negative charge can explain these results. 
Tributylindium has relatively large alkyl groups which 
should decrease Lewis acid strength by causing steric 
interference, but the butyl groups can delocalize negative 
charge on the alpha carbons, and this causes tributylindium 
to be the strongest Lewis acid. Trimethylindium has the 
smallest alkyl groups, but there is no delocalization of 
negative charge on the alpha carbons, so trimethylindium is 
a weaker Lewis acid than tributylindium. In triethylindium 
there is the possibility of delocalizing negative charge on 
the alpha carbons, but the steric requirements of the ethyl 
groups are greater than those of the methyl groups, and the 
net effect is triethylindium is a weaker Lewis acid than 
trimethylindium. The propyl groups in tripropylindium are
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more effective at delocalizing negative charge than the 
ethyl groups, but the larger size of the propyl groups 
causes tripropylindium to be a weaker Lewis acid than 
triethylindium. The isobutyl group is the most effective in 
the delocalization of negative charge on the alpha carbons. 
The isobutyl groups also have the largest steric 
requirements, and this causes triisobutylindium to be the 
weakest Lewis acid in this series.
In the series of complexes formed by reacting the 
indium alkyls with 3-picoline-N-oxide, trimethylindium is 
the strongest Lewis acid. The other alkyls decrease in 
Lewis acid strength in the order tributylindium, 
triethylindium, tripropylindium, triisobutylindium. The 
order of Lewis acid strengths can be explained by the 
competition between steric effects and delocalization of 
negative charge on the alpha carbons of the alkyl groups. 
Trimethylindium is unable to delocalize negative charge on 
the alpha carbons, but the methyl groups also have the 
smallest steric requirements, and the net effect is 
trimethylindium is the strongest Lewis acid. The ethyl 
groups in triethylindium are able to delocalize negative 
charge on the alpha carbons, but the steric requirements of 
the ethyl groups are larger than those of the methyl groups, 
and triethylindium is a weaker Lewis acid than 
trimethylindium. In tripropylindium, the propyl groups are 
bulkier than ethyl groups, but they can also delocalize 
negative charge on the alpha carbons more effectively, and
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the net result is tripropylindium is a weaker Lewis acid 
than triethylindium. Butyl groups can delocalize negative 
charge more effectively than propyl groups, and this offsets 
the effect of the butyl groups larger steric requirements, 
so tributylindium is a stronger Lewis acid than
tripropylindium. The isobutyl groups are most effective at 
delocalizing negative charge, but they also have the largest 
steric requirements. This combination causes
triisobutylindium to be the weakest Lewis acid.
In the series of complexes formed by the reaction of
4-picoline-N-oxide with the indium alkyls, tributylindium is 
the strongest Lewis acid, with the acid strength of the 
other alkyls decreasing in the order trimethylindium, 
triethylindium and tripropylindium approximately equal, 
triisobutylindium. The butyl groups in tributylindium can 
delocalize negative charge on the alpha carbons effectively, 
and this offsets the relatively large steric requirements of 
the butyl groups, causing tributylindium to be the strongest 
Lewis acid. The methyl groups in trimethylindium are small, 
but it is not possible to delocalize negative charge on the 
alkyl groups. This causes trimethylindium to be a weaker 
Lewis acid than tributylindium. In triethylindium, the 
ethyl groups can delocalize negative charge, but they are 
also larger than methyl groups, and this lowers the Lewis 
acid strength of triethylindium relative to trimethylindium. 
In the case of tripropylindium, the increase in acid 
strength due to increased delocalization of negative charge
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and the decrease due to increased steric requirements of the 
alkyl groups effectively cancel out, and tripropylindium is 
approximately equal to triethylindium in Lewis acid 
strength. The isobutyl group is the most effective in 
delocalizing negative charge, but it also has the largest 
steric requirements. This causes triisobutylindium to be 
the weakest Lewis acid.
In the pyridine-N-oxide portion of the spectra, it 
would be expected that the and hydrogen atoms would 
have larger changes in their chemical shifts than the 
hydrogen atoms. In the spectra, the hydrogens always 
have the smallest change in chemical shift, the hydrogens 
have the next largest change in chemical shift, and the 
hydrogen atom has the largest change in chemical shift. 
This order is due to the presence of the amine N-oxide group 
alpha to the hydrogens. This group helps stabilize the 
amount of electron density on the carbons attached to it, 
and this leads to smaller changes in chemical shift than 
would be expected.
In the 2-picoline-N-oxide portion of the spectra, 
hydrogens and would be expected to have the largest
changes in chemical shift position. Hydrogen atoms and 
Hg would be expected to have smaller changes in their 
chemical shifts, and the hydrogens on the methyl group would 
be expected to have the smallest changes in chemical shift 
as the Lewis acid is varied. In the actual spectra, 
hydrogen always has the largest change in chemical shift.
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with the change in chemical shift of the other hydrogen 
atoms decreasing in the order Hg, with and methyl
similar. The hydrogens on the methyl group are not affected 
as strongly by the deshielding zone of the H electron 
system, so it is expected that their change in chemical 
shift will be small. Hydrogen is ortho to the N-oxide 
group, and its stabilizing effect on electron density causes 
the changes in chemical shift to be smaller than would be 
expected. Hydrogen atoms and Hg have slightly different 
changes in chemical shift. Some of this difference may be 
due to the presence of the methyl group ortho to H^, but the 
difference may also be partially due to inability to
separate the signals in the spectrum of the pure ligand. 
The center of gravity of the multiplet assigned to H^ and 
Hg was determined, and this may have led to small errors in 
determining the values for the changes in chemical shift.
In the 3-picoline-N-oxide portion of the spectra, it 
would be expected that the hydrogens of the methyl group 
would show the smallest change in chemical shift, with the 
signal from hydrogen Hg shifted more, and hydrogens H^, Hg, 
and H^ showing the largest changes in chemical shift. In
the spectra of the aluminum alkyl complexes, hydrogen H^
always has the largest change in chemical shift followed in 
order of decreasing change in chemical shift by hydrogen Hg, 
hydrogens H^ and Hg, and the methyl group hydrogens. The 
smaller than expected change in chemical shift of hydrogens 
H^ and Hg can be explained by their proximity to the amine
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N-oxide group, as discussed above. In the gallium and 
indium alkyl complexes, the change in chemical shift of the 
methyl hydrogen signal is larger than the change in chemical 
shift of hydrogens and Hg.
In the 4-picoline-N-oxide portion of the spectra, it 
would be expected that the signals from the hydrogen 
atoms would show the largest changes in chemical shift, the 
hydrogen atom signals would show the next largest changes 
in chemical shift, and the methyl hydrogen signals would 
show the smallest changes in chemical shift. In the actual 
spectra of the aluminum alkyl complexes, the signal from the 
hydrogen atoms always shows the largest changes in 
chemical shift, with the hydrogen signal showing the next 
largest change in chemical shift and the methyl hydrogen 
signal showing the smallest change in chemical shift. This 
order is due to the influence of the amine-N-oxide group as 
described above. In the gallium and indium alkyl complexes, 
there is a larger change in the chemical shift of the methyl 
hydrogen signal than in the hydrogen signal.
It can be seen from the preceding discussion that the 
competition between the ability to delocalize negative 
charge on the alpha carbons of a metal alkyl which increases 
the Lewis acid strength and the steric requirements of the 
alkyl groups which decreases the Lewis acid strength can be 
used to rationalize the order of strengths of metal alkyls. 
This is not adequate to explain the changes in relative acid 
strength of the metal alkyls when the Lewis base is the same
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and the metal atom is varied. For example, in the
2-picoline-N-oxide complexes trimethylaluminum is the 
weakest Lewis acid in the aluminum alkyl series, 
trimethylgallium is the strongest Lewis acid in the gallium 
alkyl series, and trimethylindium is the second strongest 
Lewis acid in the indium alkyl series. There must be other 
factors which are influencing acid strength, and this will 
be discussed after the relative acid strength of metal 
alkyls in complexes with the Lewis base and alkyl group held 
constant and the metal varied is considered.
The relative Lewis acid strength of the metal alkyls 
was determined by comparing the chemical shifts of the 
signals from the hydrogen atoms of the reference base and 
calculating the change in chemical shift compared to the 
uncomplexed base. A larger change in chemical shift 
indicates the base is complexed to a stronger acid. In the 
series of complexes of the trimethyl metal alkyls with 
pyridine-N-oxide, trimethylaluminum is the strongest Lewis 
acid, trimethylgallium is the next strongest acid, and 
trimethylindium is the weakest acid. Trimethylaluminum is a 
significantly stronger acid than either trimethylgallium or 
trimethylindium. Trimethygallium and trimethylindium are 
approximately equal in acid strength, with the NMR data 
indicating trimethylgallium is a slightly stronger acceptor.
In the series of complexes formed by the reaction of 
the trimethyl metal alkyls with 2-picoline-N-oxide, 
trimethylaluminum and trimethylgallium are found to be
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Ligand Proton NMR Chemical Shifts of MegM(PyO) Complexes
Complex % 2 «3 «4
PyO 8.2356 7.3131 7.3131
Me ^AKPyO) 8.4896 7.6552 7.8867
Me^Ga(PyO) 8.3376 7.5387 7.7230
Me^InfPyO) 8.2908 7.5420 7.7075
Ligand Proton NMR Chemical Shifts of Me 2 M( 2 - PicO) Complexes
Complex CH] «4 «5 » 6
2-PicO 2.5269 7.1841 7.2596 7.1841 8.2679
Me 2 Al( 2 -PicO) 2.6340 7.4463 7.5792 7.3749 8.4483
Me 2 Ga( 2 -PicO) 2.6038 7.4452 7.5955 7.3722 8.3296
Me^In(2-PicO) 2.5668 7.3982 7.5053 7.3200 8.2587
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Ligand Proton NMR Chemical Shifts of Me^Mfl-PicO) Complexes
Complex CH 3 ^ 2 , 6 «4 %5
3-PicO 2.3248 8 . 0835 7.1363 7.2162
Me^AlO-PicO) 2.4512 8.2534 7.5595 7.4441
Me^GaO-PicO) 2.4294 8.1617 7.5017 7.3920
Me^InO-PicO) 2.4189 8.1164 7.5115 7.4150
Ligand Proton NMR Chemical Shifts of MegM(4-PicO) Complexes
Complex CH 3 % 2 «3
4-PicO 2.3577 8.1086 7.0922
Me3Al(4-PicO) 2.4712 8.2571 7.2939
Me3Ga(4-PicO) 2.4782 8.1920 7.2936
Me3ln(4-PicO) 2.4657 8.1432 7.2786
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similar in Lewis acid strength, with trimethylindium a 
significantly weaker acid The NMR data indicate that
trimethylaluminum is a slightly stronger Lewis acid than 
trimethylgallium.
In the series of complexes formed by the reaction of 
the trimethyl metal alkyls with 3-picoline-N-oxide, 
trimethylaluminum is a significantly stronger Lewis acid 
than trimethylgallium and trimethylindium, which are very 
similar in acid strength. In the determination of acid 
strength discussed previously, the signal from hydrogen 
was usually the most reliable indicator of acid strength. 
Based on this, trimethylindium is a slightly stronger acid 
than trimethylgallium.
In the series of complexes formed by the reaction of 
trimethyl metal alkyls with 4-picoline-N-oxide,
trimethylaluminum is found to be the strongest Lewis acid. 
Trimethylgallium is a slightly weaker acid than 
trimethylaluminum, and trimethylindium is the weakest acid. 
All three of these alkyls are similar in acid strength.
In the series of complexes formed by the reaction of 
pyridine-N-oxide and the triethyl metal alkyls, 
triethylaluminum is the strongest Lewis acid. 
Triethylgallium is significantly weaker in acid strength 
Triethylindium is similar to triethylgallium in acid 
strength, but the NMR data show triethylindium is a slightly 
weaker acid than triethylgallium.
In the complexes formed by the reaction of
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Ligand Proton NMR Chemical Shifts of Et^MfPyO) Complexes
Complex % 2 %3 «4
PyO 8.2356 7.3131 7.3131
E t^ A K P y O ) 8.4468 7.5845 7.7716
EtgGafPyO) 8.3250 7.4778 7.6005
Et In(PyO) 8.2839 7.4590 7.5842
Ligand Proton NMR Chemical Shifts of EtgM(2-PicO) Complexes
Complex CH 3 «3 %4 %5 % 6
2-PicO 2.5269 7.1841 7.2596 7.1841 8.2679
Et 2Al( 2 -PicO) 2.6775 7.5083 7.7019 7.4423 8.4439
Et 3 Ga( 2 -PicO) 2.5847 7.3841 7.4803 7.3159 8.3454
Et 3 ln( 2 -PicO) 2.5759 7.3874 7.4862 7.3106 8.2680
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Ligand Proton NMR Chemical Shifts of EtgMfS-PicO) Complexes
Complex CH 3 " 2 , 6 «4 «5
3-PicO 2.3248 8.0835 7.1363 7.2162
Et^AlO-PicO) 2.4733 8.2474 7.6624 7.5122
EtgGafS-PicO) 2.3999 8.1565 7.4260 7.3592
Et^InO-PicO) 2.3969 8.1016 7.4050 7.3363
Ligand Proton NMR Chemical Shifts of Et^Ml^-PicO) Complexes
Complex CH 3 % 2 %3
4-PicO 2.3577 8.1086 7.0922
Et3Al(4-PicO) 2.5146 8.2775 7.3846
Et3Ga(4-PicO) 2.4485 8.1794 7.2612
Et3ln(4-PicO) 2.4489 8.1378 7.2591
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 8 6
2-picoline-N-oxide with the triethyl metal alkyls,
triethylaluminum is found to be a significantly stronger 
Lewis acid than triethylgallium and triethylindium, which 
are almost equal in Lewis acid strength. In the
determination of acid strengths described above, the change 
in chemical shift of the signal from hydrogen is the most 
reliable indicator of acid strength. On this basis, 
triethylindium is a very slightly stronger acid than 
triethylgallium.
In the series of complexes formed by reacting the 
triethyl metal alkyls with 3-picoline-N-oxide,
triethylaluminum is the strongest Lewis acid. 
Triethylgallium is significantly weaker in acid strength, 
and triethylindium is a slightly weaker acid than
triethylgallium.
In the series of complexes formed by reacting 
4-picoline-N-oxide with. the triethyl metal alkyls,
triethylaluminum is found to be the strongest Lewis acid. 
Triethylgallium and triethylindium are significantly lower 
in acid strength, with triethylgallium a slightly stronger 
acid than triethylindium.
In the series of complexes formed by the reaction of 
pyridine-N-oxide and the tripropyl metal alkyls, 
tripropylaluminum is a significantly stronger acid than 
tripropylgallium, which is significantly stronger than 
tripropylindium.
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Ligand Proton NMR Chemical Shifts of PrgM(PyO) Complexes
Complex « 2 «3 «4
PyO 8.2356 7.3131 7.3131
Pr^AlfPyO) 8.4172 7.5639 7.7555
PrgGafPyO) 8.3284 7.4973 7.6595
Pr^InfPyO) 8.2688 7.4320 7.5552
Ligand Proton NMR Chemical Shifts of Pr 2 M( 2 -PicO) Complexes
Complex C H 3 «3 %4 «5 « 6
2-PicO 2.5269 7.1841 7.2596 7.1841 8.2679
Pr 3 A l ( 2 -PicO) 2.6526 7.4982 7.6917 7.4304 8.4446
Pr 2 Ga( 2 -PicO) 2.6019 7.3943 7.5366 7.3400 8.3534
Pr 2 ln( 2 -PicO) 2.5591 7.3697 7.4513 7.2874 8.2872
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Ligand Proton NMR Chemical Shifts of PrgMfS-PicO) Complexes
Complex CH 3 ^ 2 , 6 %4 «5
3-PicO 2.3248 8.0835 7.1363 7.2162
Pr^AlfS-PicO) 2.4351 8.2345 7.5462 7.4222
Pr^GaO-PicO) 2.4192 8.1584 7.4620 7.3618
Pr^IntS-PicO) 2.3713 8.1474 7.3685 7.3042
Ligand Proton NMR Chemical Shifts of Pr^M(4-PicO) Complexes
Complex CH 3 % 2 «3
4-PicO 2.3577 8.1086 7.0922
Pr3Al(4-PicO) 2.4958 8.2572 7.3434
Pr3Ga(4-PicO) 2.4622 8.1784 7.2626
Pr3ln(4-PicO) 2.4377 8.1560 7.2363
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In the series of complexes formed by reacting the 
tripropyl metal alkyls and 2-picoline-N-oxide,
tripropylaluminum is the strongest Lewis acid, with 
tripropylgallium next strongest, and tripropylindium the 
weakest acid. There is significant change in Lewis acidity 
on going from tripropylaluminum to tripropylgallium. The 
change in going from tripropylgallium to tripropylindium is 
not as large, but there is no question tripropylgallium is 
the stronger acid.
In the series of complexes formed by reacting
3-picoline-N-oxide and the tripropyl metal alkyls, 
tripropylaluminum is the strongest Lewis acid, 
tripropylgallium is weaker and tripropylindium is the 
weakest acid.
In the series of complexes formed by the reaction of
the tripropyl metal alkyls with 4-picoline-N-oxide,
tripropylaluminum is found to be the strongest Lewis acid, 
with tripropylgallium weaker, and tripropylindium the
weakest acid. The difference in acid strength in going from 
tripropylaluminum to tripropylgallium is significant. The 
difference in acid strength between tripropylgallium and 
tripropylindium is smaller, but tripropylgallium is 
definitely a slightly stronger Lewis acid than 
tripropylindium.
In the series of complexes formed by the reaction of
the tributyl metal alkyls and pyridine-N-oxide,
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Ligand Proton NMR Chemical Shifts of Bu 2 M(PyO) Complexes
Complex « 2 «3 %4
PyO 8.2355 7.3131 7.3131
Bu_Al(PyO) 8.4324 7.6227 7.8508
Bu^Ga(PyO) 8.3148 7.5009 7.6706
Bu^In(PyO) 8.2952 7.5017 7.6599
Ligand Proton NMR Chemical Shifts of BUgM(2 --PicO) Complexes
Complex CHg «4 »5 He
2-PicO 2.5269 7.1841 7.2596 7.1841 8.2679
Bu 2Al( 2 -PicO) 2.6559 7.4728 7.6769 7.4101 8.4400
Bu 2Ga( 2 -PicO) 2.5905 7.3896 7.5299 7.3307 8.3190
Bu 2 ln(2 -PicO) 2.5909 7.4062 7.5406 7.3474 8.3140
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Ligand Proton NMR Chemical Shifts of Bu3M(3-PicO) Complexes
Complex CH 3 ^ 2 , 6 «4 «5
3 -PicO 2.3248 8.0835 7.1363 7.2162
Bu^AlO-PicO) 2.4597 8.2483 7.6290 7.4752
Bu^GaO-PicO) 2.4091 8.1486 7.4607 7.3542
Bu^InO-PicQ) 2.4171 8.1520 7.4559 7.3818
Ligand Proton NMR Chemical Shifts of Bu3M(4-PicO) Complexes
Complex CH 3 « 2 %3
4 -PicO 2.3577 8.1086 7.0922
Bu3Al(4-PicO) 2.5201 8.2628 7.3836
B u 3 Ga(4-PicO) 2.4573 8.1634 7.2635
Bu3ln(4-PicO) 2.4685 8.1646 7.2836
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tributylaluminum is a significantly stronger Lewis acid than 
tributylgallium and tributylindium, which are similar in 
acid strength. Tributylgallium is a slightly stronger acid 
than tributylindium.
In the series of complexes formed in the reaction 
between the tributyl metal alkyls and 3-picoline-N-oxide, 
tributylaluminum is found to be a significantly stronger 
Lewis acid than tributylgallium and tributylindium. 
Tributylindium is a very slightly stronger Lewis acid than 
tributylgallium.
In the series of complexes formed by the reaction 
between the tributyl metal alkyls and 4-picoline-N-oxide, 
tributylaluminum is the strongest Lewis acid, and it is 
significantly stronger than tributylgallium and
tributylindium. Tributylindium is a very slightly stronger 
acid than tributylgallium.
In the series of complexes formed by the reaction of 
triisobutyl metal alkyls and pyridine-N-oxide,
triisobutylaluminum is the strongest Lewis acid, and is 
significantly stronger than triisobutylgallium.
Triisobutylgallium is a significantly stronger Lewis acid 
than triisobutyl indium.
In the series of complexes formed by the reaction of 
the triisobutyl metal alkyls with 2-picoline-N-oxide, 
triisobutylaluminum is found to be the strongest Lewis acid. 
It is significantly stronger than triisobutylgallium and 
triisobutylindium, which are relatively close in acid
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Ligand Proton NMR Chemical Shifts of i-Bu^M(2-PicO)
Complexes
Complex CH 3 «3 %4 «5 « 6
2-PicO 2.5269 7.1841 7.2596 7.1841 8.2679
i-BUjAl(2 -PicO) 2.6467 7.4612 7.6592 7.4043 8.5056
i-Bu2 Ga( 2 -PicO) 2.5684 7.3852 7.5004 7.3182 8.3771
i-Bu^In ( 2-‘PicO ) 2.5461 7.3594 7.4303 7.2746 8.2824
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Ligand Proton NMR Chemical Shifts of i-Bu^M(3-PicO)
Complexes
Complex CH 3 ^ 2 , 6 «4 «5
3-PicO 2 .3 2 4 8 8.0835 7.1353 7.2152
i—BUgAl(3-PicO) 2.4580 8 .2 4 8 3 7.5439 7.4577
i-Bu^GaO-PicO ) 2.4103 8.1470 7.4550 7.3625
i - B U g l n f S - P i c O ) 2.3884 8.0957 7.3735 7.3101
Ligand Proton NMR Chemical Shifts of i-Bu^M(4-PicO)
Complexes
Complex CH 3 % 2 «3
4-PicO 2.3577 8.1085 7 .0 9 2 2
i-Bu2Al(4-PicO) 2.4934 8 .2 5 7 4 7.3296
i-Bu2Ga{4-PicO) 2 .4553 8 .1 5 9 2 7.2773
i-Bu^In(4- P i c O ) 2.4313 8.1355 7.2188
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strength. The ligand proton NMR data indicates
triisobutylgallium is a stronger acid than
triisobutylindium.
In the series of complexes formed by the reaction of 
triisobutyl metal alkyls with 3-picoline-N-oxide, 
triisobutylaluminum was found to be the strongest Lewis 
acid. It is significantly stronger than triisobutylgallium. 
In this series, there is a significant decrease in acid 
strength on going from triisobutylgallium to
triisobutylindium.
In the series of complexes formed by the reaction of
4-picoline-N-oxide with the triisobutyl metal alkyls, 
triisobutylaluminum is found to be the strongest Lewis acid, 
and it is significantly stronger than triisobutylgallium. 
There is also a significant decrease in acid strength on 
going from triisobutylgallium to triisobutylindium.
From this data, it can be seen that aluminum alkyls are 
generally stronger Lewis acids than gallium alkyls, which in 
turn are usually stronger Lewis acids than indium alkyls. 
For a given alkyl group, the aluminum alkyl is usually 
considerably more acidic than the gallium and indium alkyls. 
In many cases, the acidities of gallium and indium alkyls 
were very similar. The size of the metal atom increases as 
one goes from aluminum to gallium to indium, with the 
covalent radii of the metals being 118, 126, and 144
picometers. As the size of the central metal atom is 
increased, the alkyl groups are spread further apart, and it
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should be easier to attach a coordinating ligand to the 
metal atom. The small size and relatively high charge 
density of the aluminum atom cause it to be the strongest 
Lewis acid even though it would be easier from a steric 
point of view for a base to form a bond to one of the 
heavier alkyls. In the same manner, gallium is smaller and 
has a higher charge density than indium, and even though the 
acidities of the alkyls are similar, the gallium alkyls are 
usually stronger Lewis acids.
The chemical shifts of the ligand proton NMR signals 
were plotted versus the covalent radii of the central metal 
atoms. As the size of the metal atom increases, the Lewis 
acidity usually decreases. It is reasonable to expect that 
when the alkyl groups on the metal atom and the Lewis base 
reacted with the metal alkyl are held constant, there should 
be some relation between the size of the central metal atom 
and the chemical shift of the signals from the ligand 
hydrogens.
When the chemical shift data were plotted versus the 
covalent radius of the metal atom, it was found that a 
straight line fit the data reasonably well. The best fit of 
the line to the data was determined by using the method of 
least squares, and the slope of the line and the correlation 
coefficient were calculated.
In the complexes formed using the trimethyl metal 
alkyls, the pyridine-N-oxide complexes show a good 
correlation between the chemical shift and the covalent
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
197
FIGURE A. Ligand Proton NMR Chemical Shifts versus 
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Slope and Correlation Coefficient of Ligand Proton NMR 
Versus Covalent Radius of the Central Metal Atom 
Signals When Metal is Varied with Alkyl Group Constant
Series Protons Slope (ppm/pm) Correlation
Coefficient
Me^MCPyO) « 2 -0.0068 -0.87
«3 -0.0036 -0.72
-0.0059 -0.79
M e 2M ( 2 -PicO) C H 3 -0.0025 -0.99
«3 -0 . 0 0 2 0 -0.96
«4 -0.0032 -0.89
«5 -0 . 0 0 2 2 -0.97
« 6 -0.0067 -0.93
Me^MO-PicO) C H 3 -0 . 0 0 1 1 -0.91
" 2 , 6 -0.0048 -0.92
«4 -0.0014 -0.62
«5 -0.0007 -0.36
Me2M(4-PicO) C H 3 -0.0003 -0.62
« 2 -0.0041 -0.96
«3 -0.0006 -0.96
EtgMfPyO) II2 -0.0056 -0 . 8 8
«3 -0.0042 -0.82
%4 -0.0061 -0.79
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EtgMfa-PicO) CH 3 -0.0018 -0.34
" 2 , 6 -0.0052 -0.94
«4 -0.0084 -0.78
-0.0058 —0 . 81
E t g M (4-PicO) CH 3 -0 . 0 0 2 1 -0.73
« 2 -0.0049 -0.90
«3 -0.0040 -0.75
Pr^MlPyO) H 2 -0.0053 -0.95
'̂ 3 -0.0048 -0.97
«4 -0.0074 -0.98
Pr 3 M( 2 -PicO) CH 3 -0.0034 -0.96




Pr^MtS-PicO) CH 3 -0.0025 - 1 . 0 0
« 2 , 6 -0.0029 -0.81
»4 -0.0066 -0.98
He -0.0043 -0.97
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Pr2M(4-PicO) CH 3 -0 . 0 0 2 1 -0.95
« 2 -0.0034 -0 . 8 6
«3 -0.0037 - 0 . 8 8
BUgMfPyO « 2 -0.0046 -0.82
«3 -0.0039 -0.73
«4 -0.0062 -0.72
BU 3 M( 2 -Pic 0 ) CH 3 -0 . 0 0 2 1 -0.73





B u^MO-PicO) CH 3 -0.0013 -0.63
^ 2 , 6 -0.0030 -0.72
«4 -0.0056 -0.75
«5 -0.0027 -0.57




i-BUgMfPyO) « 2 -0.0056 -0.94
«3 -0.0056 -0.98
»4 -0.0085 -0.98
i-Bu 2 M( 2 -PicO) CH 3 -0.0034 -0 . 8 6
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i-Bu^MO-PicO ) CH^ -0.0024 -0.91
H» . -0.0054 -0.922, 6
-0.0062 -0.97
-0.0052 -0.93
i-Bu2M(4-Pic0) CH^ -0.0023 -0.99
-0.0042 -0.89
H -0.0041 -0.98
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radius of the metal atom.
The chemical shifts of the ligand hydrogen signals in 
the 2 -picoline-N-oxide complexes show a good correlation 
with the covalent radius of the metal atom. The correlation 
between the ligand chemical shift data and the covalent 
radius of the metal atom is not as good in the
3-picoline-N-oxide complexes. The correlation is good for 
the signals from the hydrogens of the methyl groups and the 
ortho hydrogens, fair for the para hydrogen signals, and 
poor for the meta hydrogen signals. In the
4-picoline-N-oxide complexes, the correlation between the 
chemical shift of the methyl group hydrogens and the 
covalent radius of the metal atom is only fair, but the 
correlation between the signals from the ring hydrogens and 
the metal covalent radius is very good. There is a 
reasonably good correlation between the chemical shifts of 
the ligand hydrogen atoms and the metal atom covalent radius 
in all the series of complexes. The signal from the ortho 
hydrogens is the most sensitive to change in the central 
metal atom, shown by the larger slopes of the lines through 
these data points.
In the series of complexes formed using the triethyl 
metal alkyls, the pyridine-N-oxide complexes have a good 
correlation between the ligand hydrogen atom chemical shifts 
and the metal atom covalent radius. The correlation between 
the metal atom covalent radius and the chemical shift of the 
ligand hydrogen signals is not as good in the
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2-picoline-N-oxide complexes as it is in the 
pyridine-N-oxide complexes. In the 3-picoline-N-oxide 
complexes, the correlation between the chemical shift of the 
methyl hydrogen signal and the radius of the metal atom is 
poor, but the correlation between the shifts of the other 
signals and the radius of the metal atom is good. In the 
4-picoline-N-oxide complexes, there is a good correlation 
between the chemical shifts of the ligand hydrogen signals 
and the metal atom covalent radius. The correlation 
coefficients of the 2-picoline-N-oxide complexes were not as 
good as those of the other three series of complexes. This 
can be explained by the presence of steric interference in 
the triethylaluminum and triethylgallium complexes. The 
lines through the chemical shifts of the ortho and para 
hydrogen signals had the largest slopes, showing they are 
the most sensitive to change in the metal atom.
In the series of complexes formed by reacting the 
tripropyl metal alkyls with the amine N-oxides, there was a 
very good correlation of the ligand hydrogen chemical shifts 
with the radius of the central metal atom in the 
pyridine-N-oxide complexes. The correlation between the 
chemical shift data and the radius of the metal atom is not 
as good in the 2-picoline-N-oxide complexes as it is in the 
pyridine-N-oxide complexes. In the 3-picoline-N-oxide 
complexes, the correlation between the chemical shift data 
of the ligand hydrogen atoms and the covalent radius of the 
metal atoms is very good except in the case of the signals
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from the ortho hydrogens. In the 4-picoline-N-oxide
complexes, there is a good correlation between the chemical
shifts of the signals from the ligand hydrogen atoms and the 
covalent radius of the metal atom. The correlation 
coefficients are better for the pyridine-N-oxide and
3-picoline-N-oxide complexes than for the 2-, and
4-picoline-N-oxide complexes. This can be explained by the 
presence of steric interference in the second set of 
complexes. Steric interference, which decreases Lewis acid 
strength, should increase as the size of the metal atom
decreases, while the Lewis acid strength of the metal atom
should increase as the size of the metal atom decreases. 
These two competing effects should cause the correlation
between the chemical shifts and the covalent radius of the 
metal atom to be worse when steric interference is present 
than when there is no steric interference. The chemical 
shift of the para hydrogen signals is the most sensitive to 
change in the metal atom, shown by the larger slopes of
these lines.
In the complexes formed by reacting the tributyl metal 
alkyls with the amine N-oxides, the correlation between the 
chemical shifts of the signals from the ligand hydrogens and 
the covalent radius of the metal atoms is fairly good in the 
pyridine-N-oxide complexes. In the 2-picoline-N-oxide 
complexes, the correlation between the chemical shifts of
the signals from the ligand hydrogens and the radius of the 
metal atom is not as good as in the pyridine-N-oxide
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complexes. The hydrogens which have the best correlation 
are those ortho and para to the amine N-oxide group. In the
3-picoline-N-oxide complexes, the correlation between the 
chemical shifts of the signals from the ligand hydrogens and 
the covalent radius of the metal atoms is about the same as 
in the 2-picoline-N-oxide complexes, but is worse than in 
the pyridine-N-oxide complexes. The signals from the ortho 
and para hydrogens have better correlation coefficients than 
the signals from the meta hydrogens and the methyl group
hydrogens. In the 4-picoline-N-oxide complexes, the
correlation between the chemical shifts of the signals from 
the ligand hydrogen atoms and the covalent radius of the 
metal atom is slightly worse than in the 2-picoline-N-oxide 
and 3-picoline-N-oxide complexes, and is significantly worse 
than in the pyridine-N-oxide complex. The correlation 
between the chemical shift and covalent radius is 
significantly better for the signals from the ortho hydrogen 
atoms than it is for the signals from the meta hydrogens and 
the methyl hydrogens. The correlation between the chemical 
shifts and the radius of the central metal atom is better in 
the pyridine-N-oxide complexes than in the picoline-N-oxide 
complexes. This can be explained by the existence of steric 
interference in the picoline-N-oxide complexes. The
picoline-N-oxide are stronger bases than pyridine-N-oxide, 
and there should be a slightly shorter aluminum to oxygen 
bond distance in these complexes. This increases the 
possibility of steric interference with the large butyl
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groups. The chemical shift of the para hydrogen signals is 
the most sensitive to change in the chemical shift as shown 
by the larger slope of the lines.
In the complexes formed by the reaction of the 
triisobutyl metal alkyls with the amine N-oxides, the 
correlation between the chemical shifts of the signals from 
the hydrogen atoms of the ligand and the covalent radius of 
the metal atoms was very good for the pyridine-N-oxide 
complexes. In the 2-picoline-N-oxide complexes, there is a 
good correlation between the chemical shifts of the ligand 
hydrogen signals and the covalent radius of the metal atom, 
but the correlation is not as good as in the 
pyridine-N-oxide complexes. In the 3-picoline-N-oxide 
complexes, the correlation between the chemical shifts of 
the signals from the ligand hydrogens and the radius of the 
metal atoms is better than that in the 2-picoline-N-oxide 
complexes, but not as good as in the pyridine-N-oxide 
complexes. In the 4-picoline-N-oxide complexes, the
correlation between the chemical shifts of the ligand 
hydrogen signals and the radius of the metal atom is almost 
as good as in the pyridine-N-oxide complexes. The chemical 
shift coefficients are not as good in the 2-picoline-N-oxide 
complexes as in the other series of complexes. This can 
best be explained by the presence of steric interference, 
which weakens the acid-base interaction more as the size of 
the central metal atom decreases. The slopes of the lines 
through the chemical shifts of the ortho and para hydrogen
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signals are generally largest, showing they are the most 
sensitive to change in the metal atom.
Examination of the correlation coefficients of ligand 
proton NMR chemical shifts versus covalent radius of the 
central metal atom can help determine if there is steric 
interference in a series of complexes. In the trimethyl 
metal alkyl complexes, there is no evidence of steric 
interference. In the triethyl metal alkyl complexes, the 
correlation coefficients of the 2-picoline-N-oxide complexes 
show some steric interference is present, as they are lower 
than the correlation coefficients of the other complexes. 
The correlation coefficients of the tripropyl metal alkyl 
complexes show the presence of steric interference in the 2 - 
and 4-picoline-N-oxide complexes. The lower correlation 
coefficients are due to steric interference in the
tripropylaluminum and tripropylgallium complexes, which is 
not present in the tripropylindium complexes. The
correlation coefficients are not as good in the tributyl 
metal alkyl complexes as they are in the other complexes. 
The correlation of the pyridine-N-oxide complexes is better 
than those of the other three series of complexes, 
suggesting there is more steric interference in the
picoline-N-oxide complexes. There is evidence of steric 
interference in the tributylaluminum and tributylgallium 
complexes, but none appears to be present in the 
tributylindium complexes, causing the correlation 
coefficients to be worse for the tributyl metal alkyl
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complexes than for the other complexes. The correlation 
coefficients for the triisobutyl metal alkyl complexes are
much better than those for the tripropyl metal alkyl and
tributyl metal alkyl complexes. The isobutyl groups are 
large enough that there is some steric interference in all 
the complexes. Since there is steric interference in all 
the complexes, the correlation coefficients are better than 
they are for a series of complexes in which there is steric
interference in some complexes and not in others. The
correlation coefficients indicated there was more steric 
interference in the 2-picoline-N-oxide complexes, which is 
not unexpected since 2-picoline-N-oxide has the largest 
steric requirements. The ortho and para hydrogen signals 
were affected most by changing the metal atom.
The chemical shift data of the signals from the ligand 
hydrogens were also plotted versus the atomic number of the 
metal atom. As the atomic number of the elements within a 
group of the periodic table increase, there are a number of 
atomic properties which vary. One of the properties that 
varies is the size of the atom. As the atomic number 
increases, the atomic radius, covalent radius, and ionic 
radius for a given oxidation state usually increase. The 
nuclear charge increases as the atomic number increases. 
The number of electrons screening the nuclear charge 
increases also, but as the elements add d electrons the 
efficiency of the screening decreases, so there is an 
increase in the effective nuclear charge. The first two
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factors affect the charge density of the atom. The 
ionization potential of elements in a group tends to 
decrease with increasing atomic number. The valence 
electrons are farther from the nucleus, so the electrostatic 
attraction is reduced and the valence electrons are easier 
to remove. The electron affinity of the elements also tends 
to decrease as the atomic number increases. This is also 
due to the valence electrons being farther from the nucleus, 
reducing the electrostatic attraction. The
electronegativity of the elements usually decreases with 
increasing atomic number. This is most evident in the
nonmetals. The electronegativity change in going down a 
group of metals is generally small, and in the late 
transition metals and early post-transition metals there may 
actually be an increase in electronegativity on going down a 
group. It is important to note that electronegativity is a 
relative number, and varies as the environment around an 
atom varies. There are various electronegativity scales, 
and there is not one best electronegativity value.
Plotting the chemical shifts of the amine N-oxide 
hydrogen signals versus the atomic number of the metal atom 
takes more factors into account than plotting chemical 
shifts versus the covalent radius of the metal atom. The 
effects can be broken down into two major categories, which 
are related. The first category is effects which are due to 
change in size of the metal atom. As the metal atom
increases in size, it is easier to fit bulky groups around
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the atom without steric interference. The size of the metal 
atom also affects its charge density, which is a factor in 
determining the Lewis acidity of a metal atom. A small, 
highly charged atom will be a stronger Lewis acid than a 
large atom with a small charge. The second category is 
effects which are related to the ability of the atom to
attract electrons. These are properties such as the
ionization potential, electron affinity, and
electronegativity which deal with the ability of an atom to 
retain electrons when in the ground state, or the ability of 
an atom to attract electrons to itself in a bonded or 
nonbonded situation. The ability of an atom within a group 
to attract electrons tends to decrease as the atomic number 
increases, and this tends to decrease the Lewis acid 
strength. The ability of the atom to attract electrons is 
partially dependent on the atomic radius, so the two
categories of effects are not independent.
In the trimethyl metal alkyl complexes with the amine 
N-oxides, the pyridine-N-oxide complexes showed a good 
correlation between the chemical shifts of the ligand 
hydrogen signals and the atomic number of the metal atom. 
In the 2-picoline-N-oxide complexes, the correlation between 
the chemical shifts of the ligand hydrogen signals and the 
atomic number of the metal atom is not as good as in the 
pyridine-N-oxide complexes. In the 3-picoline-N-oxide 
complexes, the correlation between the chemical shifts of 
the ligand hydrogen signals and the atomic number of the
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FIGURE 5. Ligand Proton NMR Chemical Shifts versus 
























































U  L  
-r4 CL Eo •

















































































Old d ‘ Ç
CL
s:
CJ CJ X)E -o
mdd * 9






































Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 3 6
TABLE XXVIII
Slope and Correlation Coefficient of Ligand Proton NMR 
Chemical Shift Versus Atomic Number of the 
Central Metal Atom





Me^MfZ-PicO) CH. -0.0019 -1.00
-0.0013 -0.88
H . -0.0021 -0.77
Hg -0.0015 -0.89
H, -0.0053 -0.995
MegMCO-PicO) CHg -0.0009 -0.98
H. , -0.0038 -0.982 , 6
-0.0013 -0.78
Hg -0.0008 -0.56





H . -0.0052 -0.90
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E t 2 M( 2 -PicO) C H 3 -0.0028 -0. 90
«3 -0.0034 -0.85
«4 -0.0060 -0.85
«5 -0.0037 -0 . 8 8
« 6 -0.0049 - 1 . 0 0
EtgMfS-PicO) CH 3 -0 . 0 0 2 1 -0.53
^ 2 , 6 -0.0040 -0.99
»4 -0.0072 -0.90
«5 -0.0049 -0.92
Et2M(4-PicO) C H 3 -0.0018 -0 . 8 6
« 2 -0.0039 -0.97
«3 -0.0035 -0.87
Pr^MCPyO) H 2 -0.0041 -0.99
»3 -0.0037 -1 . 0 0
«4 -0.0056 - 1 . 0 0





-0.0044 - 1 . 0 0
Pr^M(3-PicO) C H 3 -0.0018 -0.96
^ 2 , 6 -0.0024 -0.92
«4 -0.0049 - 1 . 0 0
«5 -0.0033 - 1 . 0 0
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Pr^Mfé-PicO) CH 3 -0.0016 - 1 . 0 0
H 2 -0.0028 -0.95
«3 -0.0030 -0.96
BUgMfPyO H 2 -0.0038 -0.92
" 3 -0.0034 -0 . 8 6
«4 -0.0053 -0.89
Bu^MfZ-PicO) CH 3 -0.0018 -0 . 8 6
«3 -0.0018 -0.76
H 4 -0.0038 -0.83
H 5 -0.0017 -0.75
-0.0035 - 0 . 8 8
BUgMfS-PicO) CH 3 - 0 . 0 0 1 2 -0. 78
" 2 , 6 -0.0027 -0.85
«4 -0.0048 - 0 . 8 8
«5 -0.0026 -0.74
Bu2M(4-PicO) CH 3 -0.0014 -0.7 7
« 2 -0.0027 — 0 . 8 6
«3 -0.0028 -0.78
i-BUgMfPyO « 2 -0.0044 -0.99
H 3 -0.0043 - 1  . 0 0
«4 -0.0064 - 1  . 0 0





-0.0062 - 1  . 0 0
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i-BUgMfS-PicO) CHg -0.0019 -0.98
H„ , -0.0042 -0.982 , 6
-0.0047 -1.00
-0.0041 -0.99
i-Bu2M(4-PicO) CH^ -0.0017 -1.00
-0.0034 -0.97
-0.0031 -1.00
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metal atom is good except for the meta hydrogen signals. In 
the 4-picoline-N-oxide complexes, the correlation between 
the chemical shifts of the ligand hydrogen signals and the 
atomic number of the central metal atom is better for the 
ortho and meta hydrogens than for the methyl hydrogens. The 
correlation coefficients of the ligand hydrogen signal
chemical shifts of the trimethyl metal alkyl complexes
versus the atomic number of the metal atom are generally 
better than those of the chemical shift data versus the 
radius of the metal atom. The correlation coefficients of 
the 2-picoline-N-oxide complexes are not as good as the 
others, suggesting there may be steric interference in the 
trimethylaluminum and trimethylgallium complexes. The 
slopes of the lines through the chemical shifts of the ortho 
hydrogen signals is generally largest, showing this signal 
is affected most by changing the metal atom.
In the amine N-oxide complexes with the triethyl metal 
alkyls, the correlation between the chemical shifts of the 
ligand hydrogen signals and the atomic number of the metal 
atom is very good. In the 2-picoline-N-oxide complexes, the 
correlation coefficients of the chemical shifts of the
ligand hydrogen signals versus the atomic number of the 
metal atom are not as good as those of the pyridine-N-oxide 
complexes. In the 3-picoline-N-oxide complexes, the
correlation between the chemical shifts of the ligand
hydrogen signals and the atomic number of the metal atom is 
better for the ring hydrogens than it is for the methyl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 4 1
hydrogens. In the 4-picoline-N-oxide complexes, there is a 
good correlation between the chemical shifts of the ligand 
hydrogen signals and the atomic number of the metal atom. 
The correlation coefficients for the 2-picoline-N-oxide 
complexes are not as good as those for the other three 
series of complexes. The most likely reason for this is
steric interference in the triethylaluminum and 
triethylgallium complexes of 2-picoline-N-oxide. The 
correlation coefficients for the ligand hydrogen signal 
chemical shifts versus atomic number of the metal atom were 
better than those for the chemical shifts versus the 
covalent radius of the metal atom. The ortho and para 
hydrogen signals are affected most by change in the metal 
atom.
In the complexes formed by the reaction of the amine 
N-oxides with the tripropyl metal alkyls, the correlation 
between the chemical shifts of the ligand hydrogen signals 
and the atomic number of the metal atom was excellent in the 
pyridine-N-oxide complexes. In the 2-picoline-N-oxide 
complexes the correlation between the chemical shifts of the 
ligand hydrogen signals and the atomic number of the metal 
atom is very good, but it is not as good as in the 
pyridine-N-oxide complexes. In the 3-picoline-N-oxide 
complexes, the correlation between the chemical shifts of 
the ligand hydrogen signals and the atomic number of the 
metal atom is very good, but it is not as good as in the 
atom complexes. In the 4-picoline-N-oxide complexes, the
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correlation between the chemical shifts of the ligand 
hydrogen signals and the atomic number of the metal atom is 
as good as in the 3-picoline-N-oxide complexes. The 
correlation coefficients of the pyridine-N-oxide complexes 
are better than those of the other three series of 
complexes- The most probable cause of this is steric 
interference between the relatively large propyl groups and 
the picoline-N-oxides in the tripropylaluminum and 
tripropylgallium complexes. The correlation coefficients 
for the chemical shifts of the ligand hydrogen atom signals 
versus atomic number of the metal atom were better than 
those for the chemical shift data versus the covalent radius 
of the metal atom. The signal from the para hydrogen is 
generally most sensitive to change the metal atom.
In the complexes formed by reacting the tributyl metal 
alkyls with the amine N-oxides, there is a good correlation 
between the chemical shifts of the ligand hydrogen signals 
and the atomic number of the metal atom in the 
pyridine-N-oxide complexes. In the 2-picoline-N-oxide 
complexes the correlation between the chemical shifts of the 
ligand hydrogen signals and the atomic number of the metal 
atom is good, but is not as good as in the pyridine-N-oxide 
complexes. In the 3-picoline-N-oxide complexes, the
correlation between the chemical shifts of the ligand 
hydrogen signals and the atomic number of the metal atom is 
approximately the same as in the 2-picoline-N-oxide 
complexes. In the 4-picoline-N-oxide complexes, the
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correlation between the chemical shifts of the ligand
hydrogen signals and the atomic number of the central metal 
atom is better than in the 2- and 3-picoline-N-oxide 
complexes, but is not as good as that in the 
pyridine-N-oxide complexes. The correlation coefficients 
are not as good for the picoline-N-oxide complexes as they 
are for the pyridine-N-oxide complexes. The most probable 
explanation for this is the presence of steric interference 
in the complexes of tributylaluminum and tributylgallium, 
and the absence of this interference in the tributylindium 
complexes, which causes the correlation to be worse. The 
correlation coefficients of the chemical shifts of the
ligand hydrogen signals versus the atomic number of the 
metal atom are better than those of the chemical shift data 
versus the covalent radius of the metal atom. The ortho and 
para hydrogen signals are affected most by changing the 
metal atom.
In the complexes formed by reacting the amine N-oxides 
with the triisobutyl metal alkyls, there is an excellent 
correlation between the chemical shifts of the ligand
hydrogen signals and the atomic number of the metal atom in 
the pyridine-N-oxide complexes. In the 2-picoline-N-oxide 
complexes the correlation between the chemical shifts of the 
ligand hydrogen signals and the atomic number of the metal 
atom is very good, but it is not as good as in the 
pyridine-N-oxide complexes. In the 3-picoline-N-oxide 
complexes, the correlation between the chemical shifts of
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the ligand hydrogen signals and the atomic number of the 
metal atom is excellent. In the 4-picoline-N-oxide 
complexes, the correlation between the chemical shifts of 
the ligand hydrogen signals and the atomic number of the 
central metal atom is excellent. This shows the signals 
from the ring hydrogens are more sensitive to change in the 
metal atom. The correlation coefficients for the
2-picoline-N-oxide complexes are not quite as good as those 
for the other three series of complexes. The most probable 
explanation for this is the presence of more steric 
interference between the bulky isobutyl groups and the 
methyl group of 2-picoline-N-oxide in the
triisobutylaluminum and triisobutylgallium complexes than in 
the triisobutylindium complex. The correlation coefficients 
of the triisobutyl metal alkyl complexes are better than 
those of the tripropyl and tributyl metal alkyl series of 
complexes. This is probably due to the fact the isobutyl 
group is large enough to cause steric interference in the 
complexes of all the metal alkyls, while there is not much 
steric interference in the tripropylindium and 
tributylindium complexes. The signals from the ortho and
para hydrogens are generally affected most by change in the
metal atom.
The correlation coefficients of the chemical shifts of 
the ligand hydrogen signals versus the atomic number of the 
central metal atom are better than those for the chemical
shifts versus the covalent radius of the metal atom. The
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radius of the metal atom is a factor in determining the 
chemical shift of the ligand hydrogen signals, but other 
factors also play an important role. The ability of the 
metal atom to attract electrons is a factor in determining 
the chemical shift of the ligand nuclear signals. The 
ability of a metal atom to attract electrons is partially 
determined by nuclear charge which is related to the atomic 
number. The shielding of the nuclear charge by the 
electrons of the atom also affects the ability of the atom 
to attract electrons. The efficiency of the shielding tends 
to decrease as the atomic number increases within a group, 
since there are d electrons present in the heavier members 
of the group, and d electrons are not as effective in 
shielding nuclear charge as s or p electrons. In 
considering only the covalent radius of the metal atom, it 
would be expected that the chemical shifts of the aluminum 
and gallium complexes of a given series of complexes would 
be relatively close together with the chemical shifts of the 
indium complex farther upfield, since the covalent radii of 
aluminum and gallium are more similar than the covalent 
radii of gallium and indium (118, 126, and 144 picometers, 
respectively). On going from aluminum to gallium to indium 
a total of twenty d electrons are added to the atom. These 
electrons shield nuclear charge relatively poorly, so the 
ability of indium to attract electrons is not much different 
from that of gallium, as can be seen by comparing electron 
affinities and electronegativities. The electron affinity
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of gallium has been estimated at 0.37 eV and that of indium
has been estimated at 0.35 eV. For all practical purposes,
the electron affinities are equal. The electron affinity of
aluminum is significantly higher, 0.50 eV.^^ Pauling
electronegativities of the metals have been calculated as
3 51.5, 1.6, and 1.7, and this order of electronegativities
is supported by the proton NMR chemical shift data for the 
uncomplexed metal alkyls. Plotting the chemical shift 
versus the atomic number of the central metal atom takes 
into account factors affecting the ability of the atom to 
attract electrons, and also the change in atomic size, so 
these plots show a better correlation than those made by 
plotting chemical shift versus covalent radius of the metal 
atom.
In the discussion of acid strength of metal alkyls 
where the metal and base were constant and the alkyl group 
on the metal was varied, it was stated that the factors 
which affected the Lewis acid strength of the metal alkyls 
were steric interference and the delocalization of the 
negative charge on the alpha carbons of the alkyls over the 
rest of the alkyl group. The factors which determine the 
importance of steric hindrance are obvious. The size of the 
alkyl group has a major effect on the possibility of 
significant steric interference in the complex. As the size 
of the metal atom is increased, the steric interference for 
a given alkyl group and ligand will decrease. As the radius 
of the central metal atom increases, the alkyl groups on the
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metal atom are farther apart, and for a given alkyl group 
the size of the space for a coordinating ligand to attach is 
increased. Steric interference should have the greatest 
effect on acid strength when there are large alkyl groups
attached to small metal atoms, and the smallest effect 
should be when there are small alkyl groups attached to
large metal atoms.
The factors affecting the importance of delocalization 
of excess negative charge in the alkyl group are somewhat
more complex. First, the inherent ability of the alkyl 
group to delocalize the negative charge is an important 
factor. The size of the alkyl group is a factor. As more 
atoms are added to the alkyl groups, more negative charge
can be spread over the group as a whole, and the amount of 
charge that can be transferred to the alkyl group from the 
central metal atom is increased. Branching in the alkyl 
group also affects its ability to delocalize charge. An 
alkyl group with a methyl or other alkyl substituent alpha 
or beta to the metal atom is able to accept more charge from 
the metal than a straight chain alkyl with the same number 
of carbon atoms. The distribution of the negative charge 
donated to the alkyl groups by the metal atom during complex 
formation can be seen in the NMR spectra. In every complex, 
all the signals from the alkyl groups are shifted upfield 
when compared to their position in the spectra of the 
uncomplexed metal alkyls. Even the methyl group signal in 
the tributyl metal alkyls shows small but consistent upfield
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shifts in the complexes. The increase in negative charge 
transfer to the alkyl groups due to branching in the alkyl 
groups can also be seen in the NMR spectra. When the 
changes in chemical shift of the methyl hydrogen signals in 
the tripropyl and triisobutyl metal alkyl complexes are 
compared, it is seen that the signal from the methyl groups 
of the triisobutyl groups always has a larger upfield shift. 
The methyl groups in both the propyl and isobutyl groups are 
gamma to the metal atom, and the isobutyl group can be
regarded as a propyl group with a methyl group replacing one 
of the hydrogen atoms. The only factor that can explain the 
greater amount of negative charge transferred to the 
isobutyl group is the branching.
In the complexes, the importance of delocalization of 
negative charge in the alkyl groups of the metal alkyl in 
determining Lewis acid strength appears to depend on the 
basisity of the amine N-oxide and the Lewis acidity of the 
metal atom. The reason for this can be understood by 
considering the effect these factors have on the transfer of 
electron density to the metal atom from the amine N-oxide 
during complex formation. First, the strength of the Lewis 
base will be a factor in determining the amount of electron 
density which is transferred to a Lewis acid. When reacted 
with a given Lewis acid, a strong Lewis base will donate 
more electron density than a weak Lewis base. As the 
strength of the base complexed with a Group IIIA metal alkyl 
is increased, the amount of electron density donated to the
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metal atom increases, which increases the amount of electron 
density or negative charge which is donated to the alkyl 
groups from the central metal atom. As the amount of 
negative charge donated to the alkyl group increases, the 
ability of the alkyl group to delocalize this charge
throughout the group becomes more important. 2- and 
4-picoline-N-oxides are stronger bases than pyridine-N-oxide 
and 3-picoline-N-oxide, so the ability of the alkyl groups 
to delocalize negative charge is more important in the 
complexes formed using the first two ligands.
The same type of factors applies when the effect of the 
Lewis acidity of the metal atom is considered in relation to 
the importance of the alkyl group to delocalize negative 
charge. As the Lewis acidity of the metal atom is
increased, the amount of electron density which is withdrawn 
from a given Lewis base is increased. As the amount of 
electron density on the metal atom is increased, the amount 
which is donated to the alkyl groups from the metal is
increased, and the ability of the alkyl group to accept and 
distribute negative charge increases in importance. The 
ability of the metal atoms to withdraw electron density from 
a Lewis base decreases in the order aluminum, gallium,
indium, so it would be expected that the ability of the 
alkyl group to delocalize negative charge would be more 
important in aluminum alkyl complexes than in either gallium 
or indium alkyl complexes.
The effects of these factors affecting the acidity of
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metal alkyls may be seen by considering the example given 
previously In the complexes formed by the reaction of
2-picoline-N-oxide with the metal alkyls, trimethylaluminum 
is the weakest acid in the aluminum alkyl series, 
trimethylgallium is the strongest acid in the gallium alkyl 
series, and trimethyl indium is the second strongest acid in 
the indium alkyl series. The importance of the negative 
charge delocalization should be greatest in the aluminum
alkyls, and since there is no charge delocalization in
trimethylaluminum, it is the weakest acid in the aluminum 
series. The importance of charge delocalization is less in 
the gallium and indium alkyls, and the steric factors are 
more important in determining the Lewis acid strength of the 
metal alkyls. The methyl groups have the smallest steric 
requirements, so trimethylgallium and trimethylindium are 
relatively strong acids in their series.
In the complexes formed by the reaction of the metal
alkyls with pyridine-N-oxide and 3-picoline-N-oxide, there
will be less electron density donated to the metal than in 
the complexes formed when 2-picoline-N-oxide and 
4-picoline-N-oxide are used as the base. The ability to 
delocalize negative charge should be less important when 
using pyridine-N-oxide and 3-picoline-N-oxide as the bases 
than when 2- and 4-picoline-N-oxides are used as the bases. 
It would be expected that there would be a different order 
of acidity in a series of metal alkyls when using one of the 
first pair of araine-N-oxides than when using one of the
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second pair of amine-N-oxides. When the relative acidity of 
a series of metal alkyls is determined using the four 
different bases, it is found that the relative acidities are 
similar when pyridine-N-oxide or 3-picoline-N-oxide is the 
base used, and the relative acidities are similar when 2- 
and 4-picoline-N-oxides are used as the bases, but the 
relative acidities of the two sets of complexes are 
different. This shows that the amount of electron density 
donated to the metal atom affects the importance of negative 
charge delocalization.




This work was an investigation of the factors affecting 
the strength of Lewis acid-base interactions in a series of 
complexes formed by the reaction of a series of Groups IIIA 
metal alkyls with some simple aromatic amine-N-oxides. It 
was found that proton NMR spectroscopy was the best tool for 
determining the strength of the acid-base interaction. The 
data from infrared spectroscopy and visible-UV spectroscopy 
showed evidence of complex formation, but did not cover a 
wide enough range to determine the relative acidity of Lewis 
acids. Mass spectrometry did not yield any useful
information about the molecular weights of the complexes due 
to the cleavage of the nitrogen to oxygen bond and the 
resulting absence of a peak due to the parent species. 
Determination of the molecular weight of the representative 
complexes in freezing benzene showed the complexes were 
monomeric in benzene solution. Analysis of the metal 
content of the complexes showed the percentage of metal
found in the complexes was generally in good agreement with 
the calculated percentage.
There are three major factors affecting the Lewis 
acidity of the metal alkyls. The first factor is the
intrinsic acidity of the central metal atom in the alkyl.
All the metal ions are classified as hard acids, but they 
are not equally hard. The aluminum atom is the best
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acceptor, with gallium and indium somewhat softer. In the 
metal alkyls, the difference in the acceptor ability of the 
metal alkyls is even more pronounced. Trimethylaluminum is 
classified as a hard acid, but trimethylgallium and 
trimethylindium are soft acids. The same effect is evident 
in other metal alkyls, where the aluminum atom is a much 
better acceptor of electron density than the gallium and 
indium atoms. This is primarily due to the higher positive 
charge density of the aluminum atom compared to the gallium 
and indium atoms. Aluminum is the least electronegative of 
the three metals, and when it is bonded to three alkyl 
groups, it will have a larger positive charge than the 
gallium or indium atoms. The covalent radius of the 
aluminum atom is significantly smaller than that of the
gallium atom, and is much smaller than the radius of the
indium atom. This combination of a larger positive charge
on the metal atom and a smaller covalent radius makes the
aluminum alkyls better acceptors of electron density than 
the gallium and indium alkyls. In examining data from the 
complexes, it is found that the aluminum alkyls are stronger 
Lewis acids than the gallium and indium alkyls.
The second factor that affects the ability of the 
metal alkyls to accept electron density from a donor is the 
ability of the alkyl groups attached to the metal atom to 
accept electron density from the metal atom. Carbon is more 
electronegative than the metal atoms, so that electron 
density is pulled to the carbon atoms from the central metal
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atom in the alkyls. When a complex with an electron donor 
is formed, electron density is transferred to the metal atom 
from the electron donor and the ability of the carbon atoms
alpha to the metal atom to accept electron density from the
metal becomes important. The ability of the alpha carbon
atoms to accept electron density from the metal atom
increases when the carbon atom is substituted. When 
electron density is transferred to methyl groups from a 
metal atom, all the transferred electron density remains in 
the methyl groups. If there is an alkyl substituent on the 
methyl group, electron density can be transferred from the 
alpha carbon atoms to the rest of the alkyl groups. For 
example, if triethylaluminum is used as the acceptor 
species, there is a transfer of electron density to the 
aluminum atom from the donor when the complex is formed. 
Electron density is then transferred to the alpha carbon 
atoms from the less electronegative aluminum atom and some 
of the electron density donated to the alpha carbon atoms is 
then transferred on to the beta carbon atoms. The ability 
of an alkyl group to accept electron density from the metal 
atom should increase as the number of the carbon atoms in 
the alkyl group increases, since this provides more atoms to 
accept electron density. Branching in the alkyl group 
should also increase the ability of the alkyl group to 
accept electron density. The NMR spectra of the complexes 
show that the electron density donated to the alpha carbon 
atoms by the metal atom is distributed throughout the alkyl
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groups. All the NMR signals from the alkyl groups show 
increased shielding due to added electron density from the 
metal atoms when the spectra of the complexes are compared 
to those of the uncomplexed alkyls. The effects of 
increasing alkyl group size and of branching in the alkyl 
group can be seen by comparing the chemical shifts of the 
complexes of the triethyl-, tripropyl-, and
triisobutyl-gallium and indium alkyls. These alkyls can be 
regarded as a single series of metal alkyls formed by 
substitution of methyl groups for beta hydrogen atoms on the 
ethyl group. Tr ipropylgallium can be regarded as a 
substituted form of triethylgallium with one of the beta 
hydrogens of each alkyl group replaced by a methyl group, 
and triisobutylgallium may be regarded as triethylgallium 
with two of the beta hydrogens of each alkyl group replaced 
by the methyl groups. The changes in chemical shift of the 
signal from the alpha hydrogen atoms of the alkyl groups are 
generally smallest in triethyl metal alkyl complexes, are 
somewhat larger in the tripropyl metal alkyl complexes, and 
are largest in the triisobutyl metal alkyls. The changes in 
chemical shift of the beta hydrogen atoms are larger in the 
tripropyl and triisobutyl metal alkyls, showing more 
electron density is being accepted by the larger alkyl 
group. In the tripropyl and triisobutyl metal alkyls, the 
changes in chemical shift of the signals from gamma methyl 
group hydrogens were approximately equal, but since there 
are two methyl groups in the isobutyl group and only one in
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the propyl group, a larger amount of electron density is 
being transferred to the isobutyl groups. Comparing the 
changes in chemical shift of the signals from the tributyl 
and triisobutylgallium and indium complexes also illustrates 
the effect branching in the alkyl group has on the amount of 
electron density transferred to the alkyl group. The change 
in chemical shift of the signal from the alpha, beta, or 
gamma hydrogen atoms is always greater in the triisobutyl 
metal alkyl complex than it is in the tributyl metal alkyl 
complex, showing that a branched alkyl group will accept 
more electron density than an unbranched alkyl group. The 
aluminum alkyl complexes are not mentioned in the discussion 
of the effect of the size of the alkyl group on its ability 
to accept electron density because in the aluminum alkyls
the third factor affecting the acid strength of the metal
alkyls, steric interference, is at its maximum.
The third factor which affects the acceptor strength of 
the metal alkyl is steric interference between the alkyl
groups of the metal alkyl and the amine N-oxide. When
steric interference is present, the interaction between the 
acid and base is weakened, and this can be detected in the 
NMR spectra. The amount of steric interference in the metal 
alkyl depends on the size of the metal atom and the size of 
the alkyl groups. As the size of the metal atom increases, 
the space between the alkyl group attached to the metal atom 
increases, and the space available to coordinate a bulky 
ligand is larger. As the size of the alkyl group increases.
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it becomes more difficult to add a bulky ligand to the metal 
alkyl. It would be expected that there would be the most 
steric interference when there are large alkyl groups 
attached to a small metal atom, and there would be the 
smallest amount of steric interference when small alkyl 
groups are attached- to a larger metal atom. The data 
indicate that is the situation in these complexes, with 
evidence of steric interference in the aluminum alkyl 
complexes when the alkyl groups are ethyl or larger, and no 
major effect on the strength of the acid-base interaction in 
the indium alkyl complexes even when the alkyl groups are 
isobutyl.
In the amine N-oxides, the two factors which are 
primarily responsible for determining the strength of the 
acid-base interaction are the inductive electronic effects 
of the methyl group and the possibility of steric 
interference. The presence of the methyl group in the 
picoline-N-oxides causes them to be stronger bases than the 
pyridine-N-oxide. The methyl group should cause a greater 
increase in base strength when it is ortho or para to the 
amine N-oxide group than when it is in the meta position. 
This can be seen in the series of complexes where there is 
no steric interference. In those complexes, the NMR data 
shows pyridine-N-oxide is the weakest base, with the base 
strength of 3-picoline-N-oxide intermediate, and
2-picoline-N-oxide and 4-picoline-N-oxide are approximately 
equal in base strength and are the strongest bases.
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The complexes formed using 2-picoline-N-oxide as the 
base have the largest probability of having steric 
interference with the alkyl groups of the metal alkyl. The 
lowest probability of steric interference is in the 
complexes formed using pyridine-N-oxide as the base. In the 
complexes formed using 3-picoline-N-oxide or
4-picoline-N-oxide as the base, the bond between the oxygen 
atom and the metal atom should be slightly shorter than in 
the pyridine-N-oxide complexes since the acid-base 
interaction should be slightly stronger, so the possibility 
of steric interference should be slightly greater in these 
complexes than in the pyridine-N-oxide complexes. The data 
show that steric interference is most likely to occur in the
2-picoline-N-oxide complexes, and least likely to occur in 
the pyridine-N-oxide complexes.
The chemical shifts of the signals from the amine 
N-oxide hydrogen atoms were plotted versus the covalent 
radius of the central metal atom and versus the atomic 
number of the central metal atom. It was found that the 
correlation was good when there was no steric interference 
in the complexes, and the correlation was poorer when there 
was steric interference in some of the members of a series 
of complexes.
The chemical shifts of the signals from the metal alkyl 
hydrogen atoms were plotted versus the pK^ values of the 
amine N-oxides. It was found that there was a better 
correlation when the pK^ of 2-picoline-N-oxide was assumed
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to be equal to the pK^ of 4-picoline-N-oxide than when the 
literature values of the pK^'s were used. The correlation 
was better in series of complexes where there was no steric 
interference than in series of complexes where there is
steric interference in some complexes and not in others.
In this work it was shown that it is possible to
rationalize the strengths of a series of acids complexed to 
a common reference base, or a series of bases complexed to a 
common reference acid, by considering the competition 
between the inductive electronic effects, which tend to
strengthen the acid-base interaction, and the steric 
factors, which tend to weaken the acid-base interaction.
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